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ABSTRACT
The magnetic (B) field in the disk of a galaxy may play an important role in the
dynamics and evolution of the interstellar medium (ISM). The process by which
the interstellar B-field is generated and maintained is not well understood, but the
general expectation is that the generated B-field will be toroidal (parallel to the disk
of the galaxy). The large-scale B-field threading the cold ISM of external galaxies can
be probed via optical and near-infrared (NIR) polarimetric observations. However,
scattered light can introduce false-positive B-field detections into these observations
and is a source of contamination. This dissertation sets a context for observations
of the Milky Way B-field by assessing the degree to which scattered light affects
NIR polarimetry and reporting measurements of the B-fields in the disks of several
external galaxies.
The polarization properties of scattered light were investigated in order to better
understand the degree to which scattered light may be a source of contamination in
studies of the cold ISM B-field of external galaxies. The optical and NIR polarization
of three, nearby, reflection nebulae was observed, and the wavelength dependence of
the polarization percentage was measured. This wavelength dependence was found
to be related to the characteristics of the scattering dust grain population with the
vi
general conclusion that the total amount of polarized, scattered light decreases with
increasing wavelength.
This analysis was repeated for the scattering-dominated galaxy M82 to test if
similar results obtained for galaxies outside the Milky Way. Observations of this
object indicate that the total amount of contamination from scattered light in this
object is also less at NIR wavelengths than at optical wavelengths, and they confirm
that B-field generated polarization can be detected in external galaxies.
A sample of edge-on galaxies was observed for NIR polarization to measure
the cold ISM B-field there. These observations indicate the likely presence of non-
toroidal B-fields, localized, coherent B-field structures, and spiral disk structure
detectable via NIR polarimetry. A comparison of the B-fields threading the cold and
hot components of the ISM suggests that these B-fields may be dynamically distinct
under certain conditions.
vii
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1Chapter 1
Introduction
1.1 The Dynamical Importance of Magnetic Fields
Magnetic (B) fields play an important role in the dynamics and evolution of
the interstellar medium (ISM). One of the primary effects of the B-field on the ISM
is the possible regulation of the rate at which stars form. For many decades, the
process of star-formation was treated in terms of the competing forces of gravity and
turbulence (Jeans 1902; Chandrasekhar 1951; Bonnor 1956). However, more recently,
the important role B-fields play in the star formation process has been recognized
(Mestel & Spitzer 1956; Crutcher 1999). In particular, the pressure support against
gravitational collapse provided by B-fields in molecular clouds is approximately equal
to the support provided by turbulent motion of the gas in the cloud (Crutcher 2012).
The dynamical influence of the B-field arises through a two-step process.
Charged particles (e.g., electrons, ions, charged dust grains) are tied to the B-field
through the Lorentz force, which is given by
F = qv ×B, (1.1)
where F is the force vector, q is the electric charge of the particle, v is the velocity
vector of the charged particle, and B is the magnetic field vector. This force redirects
the motion of charged particles so that they remain tied to the B-field, unable to move
across magnetic field lines. Neutral particles are not directly affected by the presence
2of a B-field, so they do not experience a Lorentz force. Nevertheless, collisions
between the neutral and charged particles transfer momentum between these two
populations so that they remain coupled to each other for most conditions in the ISM
(Elmegreen 1979; Draine 1980). Thus, the electrons and ions are tied to the B-field
through the Lorentz force, and the neutrals are tied to the electrons and ions through
particle-particle collisions. This yields a situation where the B-field is “frozen” into
the neutral particles even for the modest ionization fractions of 10−6−10−7 observed
in the cold ISM (Williams et al. 1998; Bergin et al. 1999; Caselli et al. 1998).
The coupling of the neutral gas and the B-field does not necessarily imply
that the B-field is dynamically important, as the neutral gas may still be entirely
accelerated by gravitational forces and pressure gradients, and the B-field may simply
be carried along with the neutral gas. The relative dynamical importance of various
forces can be estimated by comparing the associated energy densities. The energy
densities associated with the self-gravity of the system, the thermal motions of the
particles in the gas, the turbulent bulk motion of the gas, and the B- field are given
by
uG = α
GM2
R4
; (1.2)
uT = 3
c2sM
R3
; (1.3)
uv =
v2M
R3
; and (1.4)
uB =
B2
8pi
, (1.5)
where G is the universal gravitational constant, M is the total mass of the system,
R is the radius of the system, cs is the speed of sound in the gas, v is the turbulent
3velocity of the gas, B is the magnetic field strength, and α is a scaling factor (typically
of order unity) determined by the geometrical distribution of the mass in the system.
The fate of the gas in molecular clouds, where stars form, is determined by the
relative values of these four terms. Systems where uG > uT +uv +uB are dominated
by gravity and will collapse. Systems where uG ≤ uT +uv+uB are supported against
gravitational collapse.
Not all of these terms provide equal support against gravitational collapse. Mea-
surements of the density and temperature in molecular clouds indicate that the sound
speed in those systems is cs ≈ 0.3 km s−1 (Blitz 1993; Williams et al. 2000) while
spectroscopic measurements of the turbulent velocity in molecular clouds indicate a
turbulent velocity of v ≈ 3.0 km s−1 (Larson 1981; Myers & Gammie 1999). With
reference to Equations 1.4 and 1.3, this implies uv  uT , and thus, turbulent support
against collapse dominates over thermal support.
The B-field and turbulent motion provide comparable support against gravi-
tational collapse. Zeeman observations of the B-field strength in molecular clouds
indicates that uB ≈ uv (Crutcher 1999, 2012). Radio-synchrotron polarimetry and
spectroscopy of external galaxies reveal that the energy density associated with the
B-field and the turbulent motion of the gas are also comparable in systems other
than the Milky Way (Beck 2015; Basu & Roy 2013). Thus, B-fields play an impor-
tant role in regulating the star-formation rate (SFR) (Marchwinski et al. 2012) and
hence the rate at which the ISM is enriched (Talbot & Arnett 1973; Abbott 1982).
1.2 Generating and Maintaining B-fields Through Dynamo
Processes
If the interstellar B-field can play an important role in regulating the collapse
of interstellar material to form new stars, then it is critical that the processes which
4generate and maintain the B-field in the ISM be understood. The most successful
models of B-field generation in disk galaxies are α2Ω-dynamo models (Brandenburg
2015). These models are similar to the α2Ω-dynamos believed to be responsible for
generating the B-field in the Sun with the key difference that disk galaxies exhibit
cylindrical rather than spherical symmetry (Parker 1979a).
The B-field of a system with spherical or cylindrical symmetry, such as a disk
galaxy, is typically decomposed into two parts. The first is the toroidal part, which
is equivalent to the azimuthal component of the B-field in the adopted coordinate
system. The remaining two non-azimuthal components are grouped together into the
poloidal part of the B-field. Thus, the B-field of an ideal dipole is purely poloidal
with no toroidal part, and an infinite current carrying wire generates a purely toroidal
B-field.
The operation of an α2Ω-dynamo in disk galaxies was outlined by Ruzmaikin
et al. (1988) and involves two separate processes: the α-effect, and the Ω-effect.
The α-effect occurs when magnetically-entrained gas is perturbed from its circular,
orbital motion by star-formation driven winds, turbulence, or the Parker instability
(Parker 1979a; Ruzmaikin et al. 1988). Because the disk of the galaxy is a rotating
frame, the perturbed material experiences a Coriolis force, which rotates the toroidal
B-field into a poloidal orientation.
The other half of the dynamo is driven by the Ω-effect. This process relies on the
differential rotation present in spiral galaxy disks such that material nearer the center
of the galaxy orbits “ahead” of material farther out in the galaxy, which lags “behind”
(Oort 1927). This differential rotation shears the poloidal B-field into a toroidal
orientation. The net effect of these two mechanisms is to convert kinetic energy from
star-formation driven stellar winds and supernovae into sustained magnetic energy.
5Although α2Ω-dynamo models describe a feasible mechanism by which B-fields
may be generated in disk galaxies, they have not been well tested by observations.
The most basic testable prediction of these models is that the B-field in the disk of a
spiral galaxy should exhibit a predominantly toroidal orientation. That is, the rate
at which B-fields in a differentially rotating disk are expected to be sheared into a
toroidal configuration is sufficiently high that regions with significant poloidal fields
ought to be rare.
A genuine test of α2Ω-dynamo models requires that the B-field in the ISM be
mapped across the full disks of a significant number of external spiral galaxies. The
orientation of edge-on or highly-inclined galaxies provides the advantage that there
is little ambiguity between the toroidal and vertically poloidal directions, as these
generally translate to “disk-parallel” and “disk-perpendicular” orientations on the
plane of the sky.
1.3 Observing B-fields in External Galaxies
This section describes the two observational techniques for measuring inter-
stellar B-fields. The first technique is polarimetry of synchrotron emission at radio
wavelengths, which is sensitive to the B-field in the hot, ionized plasma of the ISM.
The second technique is background starlight polarimetry, which is sensitive to the
B-field in the cold, dusty, star-forming ISM.
1.3.1 The Hot ISM B-field: Radio-Sychrotron Polarimetry
The circular gyration of charged particles induced by the Lorentz force causes
these particles to radiate light. When the electrons approach relativistic speeds, as
they do in the hot ISM (Duric 1988; Duric et al. 1995; Shaviv et al. 2009), they emit
synchrotron emission. This emission is highly polarized, with a position angle (PA)
6perpendicular to the plane-of-sky component of the B-field (Bpos) threading the hot
ISM. Thus, the orientation of Bpos in the hot ISM can be inferred by measuring the
polarization of synchrotron radiation and rotating the measured PA by 90◦.
This interpretation is somewhat complicated by the effects of Faraday rotation,
which causes the PA of the polarized light to rotate as it transfers through the
magnetized plasma along the line-of-sight (Burn 1966). The amount of rotation is
given by
δPA = 0.812λ2
∫ observer
source
neBreg,los dl [rad m
−2] (1.6)
(Beck et al. 1996), where ne is the electron density in cm
−3, Breg,los is the line-of-sight
component of the regular (non-random) B-field in µG, and l is the location along
the line-of-sight measured in pc. This rotation modifies the intrinsic PA such that
PAobs = PAintr + δPA, (1.7)
where PAintr is the intrinsic PA of the emitted light, δPA is the amount of Faraday
rotation introduced along the path-length from the emitting source to Earth, and
PAobs is the PA observed at Earth. The average effect of Faraday rotation can be
accounted for by measuring the PA at multiple wavelengths, estimating the value of
δPA, and subtracting that value from PAobs to get PAintr.
Synchrotron radiation produced by a completely uniform B-field is polarized
with an intrinsic polarization percentage of
Pintr =
1 + α
5/3 + α
, (1.8)
where α is the spectral index of the synchrotron radiation, with typical values of
α ≈ 0.9, so Pintr ≈ 74% (Beck 2015).
7The values of P typically observed for synchrotron radiation from external galax-
ies are substantially smaller than this maximal value (e.g., Sukumar & Allen 1991;
Krause et al. 2006). This reduction in the observed value of P is due to three primary
causes. The first cause is the dilution of polarized synchrotron radiation by the con-
tribution from unpolarized thermal radiation at radio wavelengths. The second cause
is Faraday depolarizaiton, the effects of which are more severe at longer, decimeter
wavelengths (Burn 1966; Sokoloff et al. 1998; Arshakian & Beck 2011). The third
cause is beam averaging of small scale, randomly-tangled B-fields within the radio
beam emitting polarized light with a range of PA values which partially cancel each
other (Beck 2015).
1.3.2 The Cold ISM: Background Starlight Polarimetry
The B-field in the cold, dusty ISM where stars form can be probed via optical
and near-infrared (NIR) polarimetry. The light emitted by stars is generally unpo-
larized, but it develops a polarization signature as it traverses the dusty ISM. This
polarization is produced via absorption by magnetically-aligned dust grains. This
process has been described by Lazarian (2007) and Hoang & Lazarian (2016) and is
summarized here.
Dust grains in the ISM are assumed to be non-spherical because the stochastic
processes by which these grains grow are unlikely to produce spherical grains. The
elongated dust grains may also be ionized by either ultraviolet (UV) radiation (Wein-
gartner & Draine 2001a; Weingartner et al. 2006) or cosmic rays (Draine & Sutin
1987; Ivlev et al. 2015). In the presence of an anisotropic radiation field, such as
the interstellar radiation field, angular momentum is transferred from the radiation
field to the grains, which causes them to spin up (Hoang & Lazarian 2009). These
charged, rotating grains develop magnetic moments, which causes the spinning grains
to precess about the local B-field. This causes the average orientation of the long
8Fig. 1.1: An illustration of the dichroic processes responsible for the polarization of
background starlight, based on Figure 2.a from Lazarian (2007). The background
light source is represented by the yellow star, and the observer is represented by
the graphic of the telescope. The green vector field represents the ambient B-field
threading the dust grains, and the dark brown ellipsoids represent magnetically-
aligned dust grains in the ISM. As the unpolarized light from the star passes through
the dusty medium, photons with an electric field parallel to the long axes of the
aligned grains experience more extinction such that the light emerging from the
dusty medium is slightly polarized with a PA parallel to the ambient Bpos.
9grain axis to be perpendicular to the local B-field and average orientation of the the
shorter axes to be parallel to the local B-field.
These magnetically-aligned dust grains act as a dichroic material. This process
is illustrated in Figure 1.1. Photons with oscillating electric fields perpendicular to
theB-field direction are more frequently absorbed, while photons with an electric field
parallel to the B-field direction are less frequently absorbed. Thus, the transmitted
light is linearly polarized with a PA parallel to the Bpos in the dusty, absorbing
medium. This process is referred to as “dichroic polarization” in reference to the
dichroic properties of the aligned grains.
The Advantage of NIR Polarimetry
Optical polarimetry of background starlight has frequently been used to map the
B-field in the Milky Way (Mathewson & Ford 1970; Heiles 1996) and other galaxies
(Scarrott et al. 1993; Scarrott & Draper 1996; Felton & Scarrott 1997). However,
the high levels of extinction at these wavelengths make it difficult to probe deep
into the disks of these galaxies. This is especially true for galaxy systems with an
edge-on presentation, including the Milky Way, where the line-of-sight toward the
background starlight passes through copious extincting dust. This problem can be
overcome by observing at longer, NIR wavelengths. These wavelengths experience
much less extinction and can probe deeply into the dusty astrophysical environments
where stars form.
Scattered Light as a Contaminant
In addition to the polarization by dichroism described above, optical and NIR
light can be polarized by scattering processes that can yield high polarization per-
centages, Pscat. This is illustrated in Figure 1.2. In the case of single-scattering,
the direction of the observed PA is perpendicular to the plane-of-scattering (Strutt
10
Fig. 1.2: An illustration of polarization by scattering. The illuminating source
is represented by the yellow star, and the observer is represented by the graphic
of the telescope. The dark brown ellipsoids represented the (unaligned) scattering
dust grains, and the blue, gridded square represents the plane-of-scattering. When
unpolarized starlight is scattered by dust in the ISM, the scattered light is polarized
with a PA perpendicular to the plane-of-scattering. Thus, the PA of the scattered
light is generally not related to any ambient B-field threading the scattering medium.
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1871a; Rayleigh 1881). Thus, the PA of the scattered light is a product of the relative
positions of the illuminating light source, the scattering material, and the observer,
and it is generally not related to the direction of the B-field within the dusty ISM.
In the case of individual stellar measurements, scattering (e.g., by dust in a
circumstellar disk) may be the dominant source of polarized light. Analogously, in
the case of imaging the polarization of light from an external galaxy, the light falling
on a given image pixel may include one component consisting of light polarized via
scattering and another component originating with light polarized via dichroism. In
both cases, when scattering is the dominant source of polarized light, the measured
PA is not indicative of the orientation of Bpos. Thus, individual stars or regions of
a galaxy where scattered light is the dominant source of polarization constitute a
contaminant in studies aiming to probe the B-field in the cold ISM of that galaxy.
Given this contaminating aspect of polarization via scattering, it is crucial to identify
the conditions under which scattered light is expected to dominate over dichroism in
order to avoid false inferences about the B-field in the cold ISM.
1.4 Setting a Context for the Milky Way
The B-field of the Milky Way can be measured using the same techniques de-
scribed above. In particular, background polarimetry of individual stars in the Milky
Way provides a powerful tool for probing the B-field in the cold, dusty ISM between
the background stars and the observer (Lazarian 2007). This technique has been
employed at optical wavelengths (e.g., Mathewson & Ford 1970) and, more recently,
at NIR wavelengths (e.g., Clemens et al. 2013; Pavel 2013).
The Galactic Plane Infrared Polarization Survey (GPIPS, Clemens et al. 2012c)
used NIR polarimetry of background stars to probe the B-field across a 2◦×38◦ region
of the Galactic disk. This survey was designed to probe the B-field out to a physical
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distance of ∼ 5 kpc and provide individual polarimetric measurements across this
region with an average angular separation of 45′′ (Clemens et al. 2012c). Thus,
GPIPS provides an unprecedented level of detail regarding the B-field properties in
the disk of the Milky Way.
By itself, GPIPS lacks context. Are the characteristics observed in the Milky
Way B-field typical for disk galaxies? What range of B-field geometries are produced
within disk galaxies? The answers to these questions set a context within which to
interpret GPIPS and other studies of the B-field in the Milky Way. Thus, the
ultimate aim of this dissertation was to reliably measure the B-field in a sample of
external galaxies and provide the much needed context for understanding the Milky
Way B-field.
1.5 Models of Expected Polarization From Disk Galaxies
How are the effects of polarization by scattering and dichroism expected to
manifest themselves within polarimetric maps of external galaxies? This question
was addressed by the I-band (0.81 µm) Monte Carlo radiative transfer models of
Wood (1997). This study modeled a dusty disk galaxy with a bright central bulge
and produced polarization maps of P and PA for a variety of inclination angles. These
polarization maps suggested that galaxies with an edge-on inclination should exhibit
the clearest diagnostic features for distinguishing between dichroism-dominated and
scattering-dominated polarizations. The Wood (1997) model predicted the presence
of a polarization “null-point” located at the transition from dichroism-dominated
polarization in the central region (with disk-parallel PA) to scattering-dominated
polarization in the outer disk (with disk-perpendicular PA). Wood & Jones (1997)
found that these predictions generally agreed with the NIR observations of Jones
(1997). However, the Jones (1997) observations did not map enough of the outer
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disks of his sample of galaxies to measure where PAs were expected to transition to
the disk-perpendicular orientation.
1.6 The NGC 891 Pilot Study
NGC 891 is a nearby, bright, edge-on disk galaxy ideally suited for a pilot study
of the B-field in the cold ISM of a Milky Way analog galaxy. Hence, this galaxy was
targeted for new NIR polarimetric observations using the Mimir instrument on the
Perkins 1.83 m telescope in 2011 October. The results of that study were published
in Montgomery & Clemens (2014) and are presented in Chapter 2, and several of the
findings revealed key areas for further research, which are summarized below.
A single polarization null-point was identified in the northeast disk of NGC 891.
However, the PA did not transition from disk-parallel to disk-perpendicular across the
null-point, as was expected from the Wood (1997) model. Instead, the PA remained
approximately disk-parallel throughout the entire disk of NGC 891. This implies that
dichroism is likely the dominant source of polarization through most of the galaxy
and that the conditions under which scattered light is the dominant source of NIR
polarization are either absent in NGC 891 or are not well understood.
The median NIR PA across the majority of the disk of NGC 891 is offset from
the orientation of the galaxy major axis by ∼ 15◦. While this nearly disk-parallel PA
implies that an approximately toroidal B-field threads the cold ISM in this galaxy,
it is unclear why there is such a persistent offset from a purely toroidal orientation
across such a large extent of the disk.
Comparison of the NIR PAs to the radio PAs reported by Krause (2009) sug-
gested that the orientation of Bpos in the hot and cold components of the ISM was
very similar toward the central region of the galaxy but diverged in the outer disk of
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the galaxy. This implies that under certain conditions, distinctly different B-fields
may thread the hot and cold components of the ISM.
1.7 Overarching Science Questions
The results of the NGC 891 pilot study highlighted several open questions re-
garding the relative importance of scattering and linear dichroism for producing po-
larized light in external galaxies and the dynamics governing the B-field morphology
in disk galaxies. This motivated the selection of three overarching science questions
to be addressed in this dissertation. These questions are:
Q1. What are the polarization properties of light scattered by the dusty ISM?
Q2. Under what conditions will scattered light be the dominant source of polariza-
tion in an external galaxy?
Q3. What is the structure of the B-field threading the cold ISM of disk galaxies?
1.8 Plan of Investigation
Each of the science questions enumerated above can be addressed through a
series of optical and NIR polarimetric observations. The selection of samples of
suitable astrophysical targets to be observed is described below.
Question number one, above, can be best addressed through the study of nearby
targets whose surface brightness is dominated by scattered light. The simplest such
objects are reflection nebulae—clouds of dust illuminated by a single, bright star.
Thus, the bright nebulae M78, NGC 2023, and NGC 7023 were selected for obser-
vation at optical and NIR wavelengths. The polarization of scattered light from two
of these nebulae was previously studied by Sellgren et al. (1992) using an aperture
polarimeter. Chapter 3 presents new, optical and NIR imaging polarimetry of these
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targets. These polarization images provide a more complete context for interpret-
ing the polarization of scattered light from these targets than the previous aperture
based polarimetry of Sellgren et al. (1992).
Addressing question number two, above, requires polarimetric observations of
an external galaxy whose polarization is known to be dominated by scattered light.
The starburst galaxy M82 fulfills this requirement (Solinger 1969; Jones 2000) and
so was selected for observation at optical and NIR wavelengths. The intense star-
formation occurring near the center of this galaxy has driven dust off the plane of the
disk to create two dusty wind lobes (Ohyama et al. 2002). These dusty lobes create
a kpc scale analog to reflection nebulae and provide a laboratory for studying the
conditions under which scattered light is the dominant source of polarization in an
external galaxy. Chapter 4, below, presents new optical and NIR imaging polarimetry
of this target. Analysis of this data enabled the study of how scattered, polarized
light appears across the entire optical and NIR wavelength range in the context of an
external galaxy. Specifically, these data enable the study of the wavelength variation
of scattered light which has been mixed with a unpolarized light from the distribution
of stars in a galax disk.
Addressing question number three, above, requires a sample of nearby galaxies
which are bright at NIR wavelengths. By observing the NIR polarization of these
galaxies, the common modes and ranges of properties of the B-fields in disk galaxies
can be studied.
1.8.1 Specific Sub-questions
The overarching science questions posed above were addressed through a number
of specific, answerable sub-questions. The answers to these sub-questions are more
easily obtained and will suggest answers to the broader science questions.
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Q1. What are the polarization properties of light scattered by the dusty ISM?
(a) Does the value of Pscat monotonically increase for λ & 0.6 µm, as suggested
by scattering models?
(b) Is strong NIR Pscat detected in the tenuous, dusty wind lobes of M82?
Scattering models, such as White (1979a) and Zubko & Laor (2000), predict that the
Pscat should generally increase for wavelengths longer than∼ 0.6 µm. This is expected
because the size distribution of dust grains is expected to have an upper limit of
∼ 0.25 µm (Weingartner & Draine 2001b). Mie theory predicts that wavelengths
shorter than this upper limit, will scatter with Pscat significantly less than 100% for
all scattering angles while wavelengths larger than that upper limit are expected to
scattered according to the Rayleigh approximation, which predicts 100% polarization
for scattering angles near 90◦ (Strutt 1871a). However, this general trend of lower
Pscat at optical wavelengths and higher Pscat at NIR wavelengths has not been well
tested by observations. Specifically measuring the wavelength variation of Pscat across
the optical to NIR wavelength range will help determine how accurately these models
predict the characteristic values of Pscat for light scattered by the dusty ISM.
The tenuous, dusty wind lobes of M82 also provide an excellent environment
for comparing the relative intensity and polarization of scattered optical and NIR
light from the dusty ISM of an external galaxy. These wind lobes extend several kpc
vertically off the nearly edge-on disk of M82 so that the scattered light from the far
ends of the wind lobes is not only weakly diluted by unpolarized starlight (Ohyama
et al. 2002). By comparing the value of optical and NIR Pscat from this region
of mostly scattered light, it may be possible to determine whether the wavelength
variation in the ISM of this external galaxy is similar to the variation found for dust
in the local ISM.
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Q2. Under what conditions will scattered light be the dominant source of polariza-
tion in an external galaxy?
(a) Is the ratio (Pscat/Pdichro), as determined from the scattering-dominated
and dichroism-dominated regions of M82, greater at NIR wavelengths than
at optical wavelengths?
(b) Does the polarization of NIR light from external galaxies exhibit the
expected transition from disk-parallel PA in the inner disk to disk-
perpendicular PA in the outer disk?
M82 provides an opportunity to compare the relative strength of the polarization
signal due to scattered light and dichroism within the context of an external galaxy.
In particular, by comparing the relative strength of Pscat and Pdichro at optical and
NIR wavelengths, it is possible to determine whether scattering is more likely to be
the dominant polarizing mechanism at optical or NIR wavelengths.
The Wood (1997) model of the polarization of an edge-on, external galaxy
predicted that the polarization toward the bright central region of the galaxy would
be dichroism-dominated with a roughly disk-parallel PA and the polarization toward
the outer parts of the disk would be scattering-dominated, with a disk-perpendicular
PA. This appeared to be the case in the optical polarimetric observations of NGC 4565
(Scarrott et al. 1990). However, no other examples of this transition from disk-parallel
to disk-perpendicular PA exist. By mapping the polarization across the full disks of
a sample of galaxies, it is possible to determine where such PA transitions occur and
thus estimate the fraction of galaxies which show scattering-dominated polarization.
Q3. What is the structure of the B-field threading the cold ISM of disk galaxies?
(a) Are spiral galaxy disk B-fields predominantly toroidal?
(b) Does the cold ISM B-field in disk galaxies vary on ∼ 100 pc scales?
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(c) Is the B-field in the cold ISM generally aligned with the B-field in hot
ISM?
(d) Does the cold ISM B-field show indications of spiral structure, as is seen
in the hot ISM B-field?
One of the principal predictions of αΩ-dynamo model is that the B-field of a disk
galaxy should be predominantly toroidal. The best way to test this prediction is to
measure the B-field of a sample of edge-on galaxies to determine if the B-field is
parallel to the plane of the disk. The new, NIR polarimetric observations of external
galaxies presented in Chapter 5 will reveal whether the structure of the B-field in
these galaxies is predominantly toroidal and provide a test of this basic αΩ-dynamo
prediction.
These NIR polarimetric observations also provide arcsecond resolution probes
of the B-field in these galaxies. This resolution, combined with the typical distance
of ∼ 10 kpc, provides information regarding the B-field structure on ∼ 100 pc scales.
Thus, by analyzing the coherence and variation of the PA in these high-resolution
polarimetric observations, it is possible to gain insight into the large scale (several
kpc) and small scale (100 pc) structure of the B-field in these galaxies.
NIR polarimetry reveals the B-field threading the cold, dusty component of the
ISM, and radio-synchrotron polarimetry reveals the B-field threading the hot, ionized
component of the ISM. Thus, by comparing the new NIR polarimetry to available
radio polarimetry, it is possible to begin testing if the same B-field threads these two
components of the ISM.
Radio-synchrotron polarimetry of face-on galaxies indicate that the B-field of
spiral galaxies often exhibit a structure similar to the spiral arms seen in the stellar
and dust emission (e.g., Fletcher et al. 2011; Beck & Hoernes 1996). Analysis of
optical polarimetry of stars in the Milk Way reveals that the average value of P
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varies as a function of Galactic longitude, with minima located at longitudes of
50◦ and 230◦ (Fosalba et al. 2002). This suggests that the Milky Way B-field is
directed along the line-of-sight at these longitudes, which implies that the B-field
is approximately aligned with the spiral arm(s) which are also directed along the
line-of-sight at approximately those longitudes. In Chapter 5, the variation of NIR
P and PA along the major axis of the galaxies is examined for similar signatures of
spiral structure. In particular, a local minimum in P may indicate a location in the
disk where the average B-field is directed along the line-of-sight through the majority
of the dusty material producing the polarization signal.
1.8.2 Observational Tools
The optical and NIR polarimetry necessary to answer the questions posed above
were obtained using the PRISM and Mimir instruments on the 1.83 m Perkins tele-
scope outside Flagstaff, AZ. The PRISM field-of-view (FOV) was a 13.′2 square, and
the Mimir FOV was a 10′ square. These relatively large FOVs enabled the major-
ity of the reflection nebulae and the complete disks of the selected galaxies to be
polarimetrically mapped in a single dithered pointing. The PRISM instrument was
used to measure the V - (0.55 µm) and R-band (0.66 µm) polarimetry of the reflec-
tion nebulae and of the starburst galaxy M82. The Mimir instrument was used to
obtain the H- (1.6 µm) and Ks-band (2.2 µm) polarimetry of all of the targets in
this dissertation.
1.9 Study Sequence
Topics will be addressed in the following order. Chapter 2 presents a study of
the H-band, NIR polarization of the bright, edge-on, galaxy NGC 891. Chapter 3
contains an optical and NIR multi-wavelength study of the polarization of the scat-
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tered light from nearby reflection nebulae in the Milky Way. Chapter 4 includes a
similar analysis to Chapter 3 but performed on the nearby, starburst, galaxy M82.
Chapter 5 utilizes the Polarization of Edge-on Galaxy Sample (PEGS), in a NIR po-
larimetric study of nine edge-on, disk galaxies to characterize their B-fields and the
distribution of B-field geometries of the sample. Chapter 6 summarizes the results
and new insights provided by this dissertation.
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Chapter 2
Near-infrared H-band Polarimetry of
NGC 891
2.1 Introduction
Viewed externally and edge-on, how would the magnetic (B) field threading the
cold interstellar medium (ISM) of the Milky Way appear? How is the ISM B-field
generated and sustained, and what is its relationship to the radio-synchrotron-traced
B-field in the hot plasma? NGC 891 is a bright, nearby (d = 9.1 Mpc, Radburn-
Smith et al. 2011), edge-on (i = 89.8◦, Xilouris et al. 1998; Kregel & van der Kruit
2005), Milky Way analog ideally suited and situated for answering these questions.
Polarization studies and other methods have revealed that B-fields permeate the
ISM of the Milky Way and other galaxies (Hiltner 1949a,b; Hall 1949; Beck & Hoernes
1996; Berkhuijsen et al. 1997; Clemens et al. 2013). Radio-synchrotron emission is
partially linearly polarized, with its sky projected orientation being perpendicular to
the B-field in the hot ISM. Thus, synchrotron polarization has been used extensively
to study the B-field associated with the hot plasma of external galaxies (Beck et al.
1996). However, long radio wavelengths suffer Faraday rotation and depolarization,
and accurately correcting for these is difficult (Sokoloff et al. 1998, 1999). Many
edge-on galaxies studied in the radio show a characteristic X-shaped polarization
morphology, where the B-field turns from disk-parallel to disk-perpendicular in the
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outer halo (Golla & Hummel 1994; Krause et al. 2006). Radio studies of NGC 891
have revealed such an X-shape (Sukumar & Allen 1991; Krause 2009).
Background optical and near-infrared (NIR) starlight probes B-fields in the
dusty ISM. Radiative torques align aspherical dust grains with the long axis mostly
perpendicular to the B-field (Lazarian & Hoang 2007). This net alignment causes
dichroic extinction, which linearly polarizes background starlight to exhibit an ori-
entation parallel to the plane-of-sky B-field projection. Dichroic polarization per-
centage increases with optical depth, though not always linearly (Jones 1989a; Jones
et al. 1992).
In addition to dichroic polarization, another source of polarization is light singly
(and less so, multiply) scattered by dust grains. This light is polarized perpendicular
to the plane-of-scattering and rarely relates to the B-field orientation. Therefore,
it is important to distinguish between dichroism and scattering in NIR and optical
studies of B-fields to avoid incorrect inferences regarding the B-field morphology and
other properties.
Although dust grain scattering cross-sections are inversely proportional to wave-
length (Bohren & Huffman 2008), the relationship between scattering polarization
percentage and wavelength remains unclear. Sellgren et al. (1992) studied the reflec-
tion nebulae NGC 7023 and NGC 2023 and found no significant difference between
V - and H-band polarization percentage. Thus, NIR wavelengths can probe deeper
into the disk of NGC 891 than optical wavelengths, but scattering may still be an
important component of the light and a possible contaminant in NIR B-field studies.
Modern, high sensitivity, wide-field NIR polarimetry instruments are now able
to probe B-fields across entire galaxies (Clemens et al. 2007; Pavel & Clemens 2012).
The H-band polarization of the central 60′′ of NGC 891 was measured by Jones
(1997), who found weak polarizations with generally disk-parallel orientation. NIR
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polarimetry of complete, Milky Way analog disks will provide context for detailed
studies of the Milky Way B-field (Mathewson & Ford 1970; Clemens et al. 2012c).
This current study sought to obtain H-band observations that are sufficiently
sensitive to measure the polarization at arcsecond resolution out to nearly the full
extent of the disk of NGC 891. These are the deepest NIR polarization observations
of an entire edge-on galaxy to date. The observations revealed about 1% polarization
across the entire disk of NGC 891. Polarization “null-points,” where P falls nearly
to zero, perhaps related to the null-points predicted by Wood & Jones (1997) in their
model of polarized galaxy light, were detected. However, the observed null-points are
not located symmetrically about the galaxy center, as was predicted. Therefore, the
null-points are not due to radiative transfer effects alone but may relate to galaxy
structure such as spiral arms.
The new NIR polarimetric observations and the data reduction procedures are
described in Section 2.2. In Section 2.3, general polarization trends along the major
and minor axes of NGC 891 are analyzed, polarization maps are presented, and
radio and NIR P.A.s are compared. Section 2.4 discusses how galaxy structure may
influence polarization, compares these observations to polarization radiative transfer
models, and compares the NIR and optical polarization properties.
2.2 Observations and Data Reduction
NGC 891 was observed for H-band (1.6 µm) linear polarization over 15 nights
between 2011 September 19 and October 20, using the Mimir instrument (Clemens
et al. 2007) on the Perkins 1.83 m telescope, located outside Flagstaff, AZ. Mimir
used an Aladdin III, 1024× 1024 pixel, InSb array detector, and had an equatorially
aligned 10′ square field-of-view (FOV), sampled at 0.′′58 pixel−1.
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NIR linear polarization was measured using a stepping, cold, compound half-
wave plate (HWP) and a cold, fixed wire grid. Images were obtained in a six-point
hexagonal dither pattern with 15′′ separations. At each pointing, 10 sec exposures
were obtained for each of 16 unique HWP position angles. Thus, each exposure set
consisted of 96 separate images. A total of 47 such sets were collected, for a net
exposure time of 12.5 hours covering the entire disk of NGC 891.
The data were processed using the Mimir Software Package Basic Data Process-
ing (MSP-BDP v3.1) and Photo POLarimetry (PPOL v8.0) reduction tools. BDP
performed linearity correction, flat-fielding (specific to each HWP angle), dark cur-
rent correction, and returned science-quality images. These images were processed
by PPOL, which performed astrometry, corrected for time-varying sky transmission,
combined images taken through the same HWP angles, rejecting bad or missing pix-
els, corrected for instrumental polarization across the FOV, and, for stellar fields,
also performed PSF-assisted aperture photometry (Clemens et al. 2012b).
2.2.1 Background Removal
PPOL normally removes background sky flux by forming super-sky images, but
this method removes some of the object flux for extended objects larger than the
15′′ dither steps. Thus, for extended fields, sky correction was done by modeling the
background shape across the detector.
A 25 × 25 grid of uniformly spaced sample zones (∼ 40 pixels) far from the
disk of NGC 891 was established for the first, provisional coadded image. The mean
background sky brightness within each zone was found for each of the 96 images
in an exposure set. Second-order, 2-D polynomials were fit to each image’s grid of
average sky brightness values and subtracted from each image prior to stacking, to
obtain the background-free surface brightness. This procedure was repeated for all
47 exposure sets.
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Low-level, systematic trends remaining along the northern and southern edges
of the FOV were also removed. The average sky-brightness in each HWP position
angle image was measured in regions far from the galaxy and detector edges. For
each row in an image, the difference between the median filtered mean brightness of
that row and the 2-D corrected average sky brightness was subtracted from the row.
These background-corrected HWP images were combined into mean images for
each of the 16 HWP angles. These were further combined to produce images of Stokes
I, Q, and U and their respective uncertainties, where Q and U were normalized by
the Stokes intensity. Finally, the 47 images of each Stokes value were astrometrically
registered and averaged to achieve the highest sensitivity.
2.2.2 Smoothing and Correction
The averaged, normalized Stokes Q and U and uncertainty images were used to
compute P , P.A., and σP.A. images by the formulae
P =
√
U2 +Q2,
P.A. = 0.5 arctan
(
U/Q
)
, and
σP.A. = 0.5 arctan
(
σP/P
)
,
(2.1)
where σP is defined by the error propagation of σQ and σU , and P.A. is measured east
of north. However, these polarization images exhibited high spatial frequency noise
over most of the galaxy. Therefore, the combined Q and U images were weighted
by their respective inverse variance images, and the weighted images were convolved
with a Gaussian kernel. This achieved lower noise, though at the expense of some
angular resolution. To prevent a few low variance Stokes values (in high-flux pixels)
from dominating weighted means, variances used for weighting were trapped at a
lower limit of two standard deviations below the average Stokes variance.
26
Uncertainties in Q and U measurements positively bias P values computed as
per Equation 2.1. Therefore, unless otherwise noted, all reported P values were
Ricean corrected (Wardle & Kronberg 1974) using the following formula to remove
the bias:
Pcor =

√
P − σ2P , if P ≥ σP
0, if P < σP .
(2.2)
2.3 Analysis Methods
Polarization percentage and position angle images were examined for significant
spatial structure. These characteristics were explored by creating P , P.A., polarized
intensity (PI), and intensity profiles along the major and minor axes of NGC 891.
Finally, NIR and radio P.A. maps were compared to test the degree to which they
probe the same B-field.
2.3.1 Intensity and Polarization Maps
The unsmoothed intensity image, overlaid with surface brightness contours at
18.8 (black), 17.6 (green), and 16.4 mag arcsec−2 (white), is shown in the left panel
of Figure 2.1. Labeled boxes delineate the three distinct galaxy regions analyzed
later in this paper: (A) the northeast (NE) disk, (B) the central disk and bulge,
and (C) the southwest (SW) disk. The image exhibits stellar point spread functions
(PSF) with full width at half maxima (FWHM) of 1.′′75. Surface brightness was
calibrated using 2MASS stellar photometry, and a mean background sky brightness
of 21.4 mag arcsec−2 was found.
Although mostly symmetric, each surface brightness contour in Figure 2.1 re-
veals an asymmetry in the light distribution from NGC 891. The black contour
extends 30′′ (1.5 kpc) further to the NE than to the SW. The extreme SW end of
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Fig. 2.1: (left) Gray-scale, linear representation of the H-band total surface bright-
ness distribution for NGC 891, overlaid with contours at 18.8 (black), 17.6 (green),
and 16.4 mag arcsec−2 (white). (right) Log-scaled and masked map of polarization
percentage. Overlaid intensity contours are the same as in the left panel; all pixels
outside the black contour are masked. The boundaries of the regions A, B, and C,
described in the text, are drawn and labeled in black.
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the green contour reveals a deficit of light from the western side of the major axis,
while the white contour in the central bulge reveals more light from the western side
of the major axis than from the eastern side. This last asymmetry is caused by the
slightly less than 90◦ inclination and indicates the inclination direction.
The right panel of Figure 2.1 shows the polarization map overlaid with the same
surface brightness contours. This map was generated by smoothing the Q and U im-
ages with a 4.′′5 FWHM kernel and resampling with 2.′′4 pixel spacing prior to forming
the P image. The dust lane in the central region shows strong P , which decreases
in strength just above and below the disk mid-plane and returns to P > 1% further
from the mid-plane. Polarization percent outside the central region is generally weak,
less than 1%, except in a few locations.
The NE disk shows two regions of very low polarization, here termed inner and
outer “null-points,” at 42◦22′45′′ and 42◦24′45′′ decl. Polarization percentage in the
SW disk is weak along the dust lane but strong (P > 1%) far from the disk mid-plane.
The strip of low polarization along the SW dust lane begins about 120′′ (5.3 kpc)
from the galaxy center, which is about the same offset angle as for the NE inner
null-point.
2.3.2 Polarization Profiles
Are the null-points observed in Figure 2.1 significant? What are the trends in
polarization along the major and minor axes? What unique information is contained
in each of the P , P.A., PI, and intensity quantities? These questions were addressed
using profiles of these quantities along the major and minor axes.
The major axis of NGC 891 was identified as the ridge of bright 24 µm emission
observed by the MIPS instrument on the Spitzer Space Telescope (Bendo et al. 2012).
When seeking the minor axis, the 24 µm image did not show a bright galaxy center, so
it was instead astrometrically registered with the Mimir H-band image using SAO
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DS9. The minor axis locus was then defined to be the line perpendicular to the
major axis that passed through the brightest location of the H-band image. In the
following profile analyses, the positive major and minor axis directions were defined
to be toward the southwest and northwest, respectively. The major and minor axis
positions of all pixels within theH-band 18.8 mag arcsec−2 isophot in the unsmoothed
images were computed, and the profiles were generated as described below.
The major axis profiles aimed to probe changes in B-field properties rather
than effects from scattering. Based upon the minor axis profile discussed below,
the mid-plane region appears to be dominated by dichroism, while light far from
the mid-plane region is dominated by scattering. Therefore, the major axis pixels
between minor axis offsets of −9′′ and +6′′, where scattering effects are weakest, were
selected for inclusion in the major axis profile. The pixels within this region were
grouped into bins 5′′ wide along the major axis, and inverse variance weighted Q
and U averages and an unweighted intensity average were computed for each bin,
along with uncertainties in those means. Mean Q and U values were substituted
into Equation 2.1 to compute a P profile, and the PI profile was computed as the
product of the P and intensity profiles. All profiles were folded about the minor axis
to compare behavior in the north and the south.
For the minor axis profiles, three non-contiguous regions, extending 100′′ along
the major axis, were defined to distinguish polarization behavior in different parts of
the disk. These regions were centered on the galaxy nucleus and at 150′′ offsets to
the NE and SW, which roughly correspond to the centers of the A, B, and C regions
marked in Figure 2.1.
These profiles aimed to probe variations in the polarization along the minor
axis direction. Therefore, pixels inside the northern inner null-point, defined to be
the region where P ≤ 0.2%, were excluded from the weighted means. These pixels
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constituted as much as 15% of the data in the bins between 2–8′′ in the NE disk
minor axis profile, so the null-point significantly influenced the weighted means at
those locations, despite the high variances inside the null-point. The remaining pixels
within the regions described above were grouped into bins 1.′′5 wide along the minor
axis. Inverse variance weighted Q and U means and uncertainties in the mean were
computed for each bin in each of the three regions. Profiles of P and P.A. were
computed by substituting mean Q and U values into Equation 2.1.
Major Axis Profiles
The major axis profiles of P , PI, and intensity are shown in Figure 2.2. These
P values were not Ricean corrected. Solid lines represent the averaged quantities
while dotted lines represent their uncertainties.
The P profile, shown in Figure 2.2.a, is mostly flat as a function of offset,
except for the null-points in the north, which are offset from the galaxy center by
125′′ (5.5 kpc) and 250′′ (11 kpc), and for which the P values drop from ∼ 0.6% to
∼ 0.1%. Beyond 280′′ (12.4 kpc), P returns to ∼ 0.5 ± 0.1%. Weak contamination
from systematic edge-effects may exist, so the inner null-point represents a more
confident detection than the outer null-point. There is an exponential rise in P in
the extreme south, with a slope of ∼ 0.4% kpc−1. If this feature is real, then the
extreme SE disk is the most polarized part of the galaxy along the major axis.
The intensity profile (Figure 2.2.c) shows a bright nucleus, beyond which there is
an exponential decrease in brightness with a slope of about 0.13 mag arcsec−2 kpc−1.
The PI profile (Figure 2.2.b) also decreases with offset from the galaxy center because
of the corresponding decrease in intensity. All sub-kpc scale structure in the PI
profile originates with the P profile. Thus, these major axis profiles show that, in
the NIR H-band, PI carries no unique information. Furthermore, unlike in the radio,
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Fig. 2.2: (a, top) NGC 891 major axis profiles of averaged polarization percentage
(solid lines) and associated uncertainties (dotted lines), versus angular and physical
offsets along the northern (blue lines) and southern (red lines) disk regions. The pro-
file is relatively flat except for dips (“nulls”) in the north at 5.5 kpc and 11 kpc offsets.
In contrast, the south shows no strong dips in the P profile. (b, middle) Correspond-
ing major axis profiles for the polarized intensity and uncertainties. (c, bottom)
Major axis profiles for the H-band intensity. The bright core (offsets less than 30′′
or 1.5 kpc) shows a steeper decrease in brightness than the rest of the disk.
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the ratio of PI and I in the NIR is unrelated to magnetic field strength. Therefore,
PI is not a particularly useful quantity for NIR polarimetric analyses.
Minor Axis Profiles
The minor axis P and P.A. profiles for the A, B, and C regions are shown in
Figure 2.3. The galaxy major axis P.A. was subtracted from the polarization P.A.
values such that a value of zero represents a disk-parallel polarization orientation,
while positive difference P.A.s still represent rotations east of the major axis.
The dispersions of normalized Q and U values in the minor axis bins were
between ∼0.005–0.06%, i.e., very small. These dispersions and the roughly ∼450
independent samples in the minor axis bins lead to uncertainties in the mean P and
P.A. between 0.2–40×10−3% and 0.008–0.8◦, respectively (smaller than the vertical
minor tick mark steps in Figure 2.3).
The most prominent features in the Figure 2.3 profiles are coincident with the
dust lane, which lies immediately below the major axis, due to the slightly less than
edge-on inclination of NGC 891. In Figure 2.3.a, the central and NE regions show
local maxima at −1.′′5, while the SW profile shows a local minimum. These features
have full-widths of about 10′′ (400 pc), which is more than six times greater than the
bin width. Far from the disk mid-plane, all three regions show strong increases in P
with minor axis offset. Those increases show half-width scale heights of 25′′ (1.1 kpc)
in the NE and SW disk and are wider, 40′′ (1.8 kpc), for the central region.
Jones (1997) found that the typical polarization P.A. in the dust lane of the
central region was about 20◦ to the west of the major axis P.A. These new data
confirm a similar P.A. offset across most of the central region. Interestingly, all three
regions show a shift from roughly disk-parallel P.A. below (SE of) the dust lane to
about −20◦ P.A. above (NW of) the dust lane. The P.A. values in the NE return to
disk-parallel orientation further from the dust lane while the SW and central region
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Fig. 2.3: Profiles of P and disk-relative P.A. along the minor axis of NGC 891.
(a, top) The NE disk and central bulge peak in P near −0.1 kpc, while the SW disk
has a P minimum there. (b, bottom) There is a swing from disk-parallel P.A., at
−0.1 kpc, to −20◦ offset in P.A. at +0.2 kpc. Uncertainties in these profiles are
discussed in the text.
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P.A. values at these same locations are typically between −15◦ and −25◦. This
is the first time a significant difference between the major axis P.A. and the NIR
polarization P.A.s has been measured in the NGC 891 outer disk, far from the bulge.
2.3.3 Polarizations Toward the Disk and Bulge
Where dichroism is the dominant polarizing mechanism, the polarization P.A.
reveals the plane-of-sky projection of the B-field threading the cold dust in the disk
(Wood 1997). Polarization vector maps were plotted in order to examine the ge-
ometry of the B-field. In general, αΩ-dynamo theory (see review by Ruzmaikin
et al. 1988) predicts the B-field in the disk should be predominantly toroidal, pro-
ducing disk-parallel polarizations. The data presented here for the disk mid-plane
of NGC 891 generally agree with these predictions. This result stands in contrast
to the optical polarizations for NGC 891, which show a nearly disk-perpendicular
orientation across most of the disk (Scarrott & Draper 1996).
For analysis, NGC 891 was divided into the three regions, labeled A, B, and C
in Figure 2.1. The polarization signal was strongest in the central region B, so 1.′′7
FWHM gaussian smoothing could be applied there and still retain high SNR, while a
4.′′5 FWHM smoothing was needed for regions A and C. These kernels were applied to
form Q and U images which were used to produce P and P.A. images, in which values
with SNR < 3 were masked. The smoothed Q and U images were resampled with 2.′′7
pixel spacing to produce P and P.A. for region B, and 5.′′4 pixel spacing for regions A
and C, so that each displayed vector was effectively independent. Polarization vectors
corresponding to the resampled pixels were plotted over the H-band intensity image
and are shown in Figure 2.4 (region B; central), Figure 2.5 (region A; NE disk), and
Figure 2.6 (region C; SW disk). Vector lengths and orientations correspond to P and
P.A., respectively, while colors correspond to SNR, as noted in the legend of each
figure. Lower SNR ranges were used in Figure 2.6 because P is weakest in region C.
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Fig. 2.4: Gray-scale, linear, H-band intensity image for the central bulge, “B” region
in Figure 2.1, overlaid with smoothed, resampled polarization vectors. Vector lengths
and colors correspond to polarization percentage and SNR, as indicated in the legend.
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Fig. 2.5: Gray-scale, linear, H-band intensity image for the northeast disk, “A”
region of Figure 2.1, overlaid with smoothed, resampled polarization vectors. The
red circles along the disk mid-plane indicate the locations of the polarization null-
points described in the text. Vector lengths and colors correspond to polarization
percentage and SNR, as indicated in the legend.
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Fig. 2.6: Gray-scale, linear, H-band intensity image for the southwest disk, “C”
region of Figure 2.1, overlaid with smoothed, resampled polarization vectors. Vector
lengths and colors correspond to polarization percentage and SNR, as indicated in
the legend. The polarization percentage is lowest in this region, so different SNR
ranges were used in order to show the range of polarization SNR across this region.
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Jones (1997) argued that his H-band polarizations above and below the cen-
tral disk turned disk-perpendicular to match the poloidal halo B-fields observed in
λ6.2 cm radio-synchrotron by Sukumar & Allen (1991). However, the vectors in Fig-
ure 2.4–2.6 are generally disk-parallel and have a maximum P.A. uncertainty of only
about 10◦. Given these low uncertainties, the H-band polarizations do not indicate
the presence of poloidal fields in any part of the disk or off the disk mid-plane of
NGC 891.
Polarizations in the NE disk (Figure 2.5) are generally more disk-parallel than
in the other regions of NGC 891. Few measurements in the far NE disk have SNR > 3
because P is weak there. However, the polarization in this extreme end of the disk
remains disk-parallel.
Scarrott et al. (1990) observed NGC 4565 in the optical and found a transition
from disk-parallel to disk-perpendicular polarization located about 75′′ (4 kpc) from
the nucleus along the major axis. Wood & Jones (1997) reproduced this transition
using the Monte-Carlo radiative transfer model developed by Wood (1997). They pre-
dicted that the transition would be associated with a polarization null-point caused
by the cancellation of orthogonal polarizations from bulge light scattered off dust in
the disk and dichroic polarization of background disk starlight. They also predicted
that the null-point transition would appear closer to the nucleus in NIR than in
optical.
Figure 2.2 shows the first detection of any polarization null-point in NGC 891
(marked by red circles in the Figure 2.5 NE disk image). However, there is no
corresponding transition from disk-parallel to disk-perpendicular polarizations across
the inner null-point in Figure 2.5, as would have been expected if the polarization
dip were caused by competition between scattering and dichroism. Therefore, these
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represent a new class of polarization null-points, ones not described by the Wood
(1997) model.
Much of the SW disk (Figure 2.6) continues the 20◦ westward offset between
major axis P.A. and polarization P.A. As seen in Figures 2.1 and 2.3.a, P is weak
through the SW dust lane, which is indicated by the absent or short vectors along the
dust lane in Figure 2.6. In the far SW disk, P is strong and the polarization P.A.s
are offset from the major axis P.A. in the opposite direction of that seen elsewhere
in the galaxy. This indicates that the B-field does not turn poloidal in the outer disk
as was concluded by Scarrott & Draper (1996) and Jones (1997).
2.3.4 Comparison to Radio Data
To date, the relationship between theB-field in the hot plasma and the B-field in
the cold ISM of external galaxies has not been observationally constrained. However,
comparing the polarization P.A. from synchrotron emission and NIR dichroic polar-
izations for NGC 891 tests whether there is agreement between these two B-fields.
The P.A. values from polarized synchrotron emission at λ3.6 cm from NGC 891
were extracted from Figure 1 of Krause (2009). At this wavelength, Faraday rotation
is relatively weak and easily corrected. The half-power beamwidth (HPBW) of the
Effelsberg 100 m telescope, which was used to obtain the λ3.6 cm data, was 84′′. The
NIR Q and U images were smoothed with a 4.′′5 kernel and resampled with 9.′′6 pixel
spacing to ensure independence between NIR polarization values prior to comparison
with the radio values.
P.A. Distributions
The disk was divided about its minor axis into northern and southern halves,
and the galaxy major axis P.A. was subtracted from the NIR and radio polarization
P.A. values to form ∆P.A. The resulting ∆P.A. values were grouped into 5◦ wide
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bins, which is the typical uncertainty at λ3.6 cm and H-band, so each bin should
be largely independent. The resulting ∆P.A. distributions are shown in Figure 2.7,
where NIR distributions are indicated with solid, red lines and the radio distributions
are marked by dot-dashed, blue lines.
In the northern disk (Figure 2.7.a), the median and dispersion of the NIR ∆P.A.
values are about−15 and 15◦, respectively. The corresponding median and dispersion
of the radio ∆P.A. values are about −20 and 20◦. In the southern disk (Figure 2.7.b),
the NIR ∆P.A. distribution has median and dispersion values of about −20◦ and 10◦,
while the radio distribution is trimodal, with groups of ∆P.A. values at −65◦, −20◦,
and +25◦ and dispersions of about 15◦, 7.5◦, and 10◦, respectively.
Measurements obtained within the solid angle common to the radio map and
the 18.8 mag arcsec−2 H-band isophot were selected for detailed comparison via a
Kolmogorov-Smirnov (K-S) test. These subsets are shaded in red (NIR) and blue
(radio) filled colors in Figure 2.7. A K-S test comparing the shaded portions of each
dataset was performed. It revealed a 33% probability that the northern radio and
NIR ∆P.A. sets are drawn from the same parent distribution. This K-S probability
fell to 0.25% for the radio-NIR comparison in the south. Thus, in the north, the
radio and NIR both reveal a common B-field distribution (i.e., different distributions
were not confidently detected). This is not the case in the south, where the radio
and NIR P.A. distributions are dissimilar at about the 3σ level.
Radio-NIR Comparison along Major Axis
Seven of the Krause (2009) radio P.A. measurements were centered within a
few arcseconds of the major axis. Gaussian (84′′ FWHM), inverse variance weighted
averages of Q and U were computed for all NIR data obtained within the 84′′ HPBW
radio beams centered on these points. Mean Q and U values were converted to P.A.
values using Equation 2.1. These radio and NIR P.A. values are plotted as colored
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Fig. 2.7: Histograms of NIR (solid, red lines) and radio (dot-dashed, blue lines)
polarization P.A. values relative to the P.A. of the major axis for the northern (a,
top) and southern (b, bottom) halves of NGC 891. The red and blue shaded (filled)
portions represent the measurements obtained within the solid angle common to the
radio map and the 18.8 mag arcsec−2 H-band isophot. The major axis P.A. is marked
by the dashed line at ∆P.A. = 0. The Kolmogorov-Smirnov statistic reported in the
top-left of each panel is the probability that the two shaded distributions are drawn
from the same parent distribution.
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vectors over the H-band intensity image in Figure 2.8. The inset of that figure
shows ∆P.A. = P.A.radio − P.A.NIR as a function of offset from the galaxy center
along the major axis. The ∆P.A. values near the galaxy center are smaller than
the ∆P.A. values in the outer disk. Furthermore, there is a newly revealed trend
of P.A.radio < P.A.NIR in the north, changing almost linearly to P.A.radio > P.A.NIR
in the south. In general, the radio polarizations in the outer disk of NGC 891 turn
upward to create the X-shape morphology while the NIR polarizations do not.
2.4 Discussion
The new H-band polarization data presented in this study reveal generally
different P.A.s than seen for optical polarizations (Scarrott & Draper 1996). In addi-
tion, the properties of the NIR null-point(s) contradict the Wood (1997) polarization
model for an edge-on galaxy. What causes these differences? Several observations
indicate the presence of extraplanar dust blown off the disk by supernovae and winds
(Howk & Savage 2000; Burgdorf et al. 2007; Whaley et al. 2009). Do the distribu-
tions of dust and starlight, or the presence of spiral arms, influence the observed
polarizations?
The new H-band polarization data revealed several north-south (N-S) asymme-
tries. These include the discovery of polarization null-point(s) in the NE disk but
not SW disk, strong polarization through the NE and central dust lane but weak
polarization in the SW dust lane, disk-parallel P.A.s in the NE but slightly offset
P.A.s in the south, and better agreement between NIR and radio P.A. values in the
northern disk than in the southern disk.
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Fig. 2.8: (main panel) Vector representation of the radio and (beam-averaged) NIR
P.A. values located along the major axis. (inset) Plot of ∆P.A. = P.A.radio−P.A.NIR
as a function of angular offset from the galaxy center.
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2.4.1 Galaxy Structure
Dust and Stellar Distributions
NGC 891 has a significant extraplanar dust component with an estimated verti-
cal scale height of about 2 kpc (Kamphuis et al. 2007; Whaley et al. 2009), while the
stellar distribution scale height is 0.35 kpc (Xilouris et al. 1998). Much of this extra-
planar dust has visual extinctions of order unity (Howk & Savage 2000, τH ∼ 0.15).
The minor axis polarization percentage profile (Figure 2.3.a) shows a strong increase
in polarization strength beginning about 0.35 kpc off the dusty midplane. The rel-
ative strength and vertical height at which this polarization trend begins indicate
a likely origin in disk starlight scattered by the extraplanar dust and into the line-
of-sight. Thus, toward the disk midplane, where there is significant background
starlight that can be polarized by dichroism, NIR polarizations likely do trace the
B-field. However, far off the mid-plane, where there is little background starlight,
polarizations are likely dominated by scattering and do not trace the B-field. The
regions where scattering likely dominates the polarization are marked in Figure 2.3
by gray shading.
Spiral Arms
The N-S asymmetries noted above may be related to spiral arms. Many other
N-S asymmetries were previously observed in NGC 891. Xilouris et al. (1998) and
Kamphuis et al. (2007) observed asymmetries in the NIR brightness and Hα light,
respectively, and both concluded these indicated the presence of a spiral arm on
the near side (relative to the center of NGC 891) of the NE disk. However, similar
asymmetries in the H I emission (Swaters et al. 1997) and at other radio wavelengths
(Dahlem et al. 1994) suggest that spiral structure and extraplanar dust might not be
responsible for the observed asymmetries. If spiral arms influence the observed distri-
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bution of light even in edge-on galaxies, where they cannot be directly observed, then
the polarization asymmetries—especially the null-points—may be similarly related
to the influence of spiral arms. Section 2.4.3 further discusses the possible connection
between spiral arms and polarization null-points.
2.4.2 Polarization Models
Wood (1997) modeled the expected polarization due to scattering and dichroism
for a galaxy with purely toroidal B-fields for several galaxy inclination angles. In his
model, light from the bright galaxy center was scattered by dust in the disk to produce
disk-perpendicular polarizations throughout the galaxy (Wood 1997, Figure 1) while
light from the stellar disk passed through magnetically-aligned dust grains to produce
disk-parallel polarizations. In the emergent polarization images of the model edge-on
galaxies, a symmetric pair of polarization null-points appeared in the model disk at
the projected offsets from the galaxy center where the orthogonal scattering and
dichroic polarizations canceled. The null-points were associated with a transition
from disk-parallel polarization in the central region to disk-perpendicular polarization
further from the bulge.
The data presented in Figure 2.2 of the present study show at least one highly
significant NIR polarization null-point, yet the polarization orientation revealed in
Figure 2.5 is disk-parallel on both sides of that null-point. This result argues against
any transition from dichroic to scattering polarization across this null-point.
The Wood (1997) model did not include spiral structure in the distribution of
starlight or dust or in the magnetic field geometry. This simple model predicted the
occurrence of a symmetric pair of null-points in the disk, one on either side of the
galaxy center. However, Figure 2.2 shows that no null-points are observed in the SW
disk. Rather, there is a continuous strip of low polarization along the SW disk dust
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lane. Thus, the observed null-point(s) are different in nature than those predicted
by the Wood (1997) model.
Wood & Jones (1997) specifically modeled the galaxies NGC 4565 and NGC 891
at V -band and H-band wavelengths, using the Wood (1997) formalism, and they
compared the model results to existing polarization observations in these bands.
They found that observed polarizations of NGC 891 in both V - and H-band could
not be replicated by their model. They attributed the discrepancies to strong winds
dragging the B-field up into the halo, as evidenced by the detection of extraplanar
dust blown off the disk (Howk & Savage 1997).
The new NIR polarization data reported here confirm a significant difference
between the galaxy major axis P.A. and the H-band polarization P.A., as seen to-
ward the galaxy central region by Jones (1997), across most of the full extent of
NGC 891. This P.A. offset is at odds with the predictions of typical αΩ-dynamo
models (Ruzmaikin et al. 1988). Also, the P.A. offset cannot be due to polarization
effects within the Milky Way, as the H-band foreground extinction to NGC 891 is
only 0.029 mag (Schlafly & Finkbeiner 2011).
2.4.3 Polarization Null Points and Spiral Arms
If the polarization null-points found here are not caused by the mechanism de-
scribed by Wood (1997), then what does cause null-points, and what influences their
locations? Could the null-points be related to spiral arms? Fletcher et al. (2011)
observed that the synchrotron-traced B-field is oriented parallel to the spiral arms of
M51 (a face-on galaxy). If the B-field in the edge-on NGC 891 is similarly directed
along its spiral arms, then for lines-of-sight with significant optical depth inside of
a spiral arm, the net plane-of-sky component of the B-field will be small, and the
resulting dichroic polarization will be weak. Assuming a smooth exponential distri-
bution of dust in the disk, with a V -band optical depth τV = 3 through the galaxy
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pole, model H-band optical depths were estimated. With a nearly edge-on galaxy
inclination, unit optical depth at H-band corresponds to a path length of ∼6 kpc
through the disk. Thus, depending on the scale lengths of the dust distribution,
H-band observations may probe deeply enough to reach points where the “magnetic
spiral arms” are tangent to the line-of-sight, producing polarization nulls having
disk-parallel polarization signatures flanking each null.
2.4.4 Optical vs. NIR polarization
Scarrott & Draper (1996) interpreted their observed V -band, predominantly
disk-perpendicular, polarizations as evidence for poloidal B-fields in the outer disk
of NGC 891. However, the scattering only, edge-on galaxy in the Wood (1997) models
produced disk-perpendicular polarizations (even in the central region, where Scarrott
& Draper argued scattering could not be responsible for the observed polarization
P.A.). Furthermore, if the Scarrott & Draper disk-perpendicular polarizations were
caused by poloidal B-fields in the outer disk, then the H-band polarizations presented
here for the extreme NE and SW disk should also be disk-perpendicular, but they
are not. Instead, bulge light scattered by the disk dust into the line-of-sight might
be the dominant source of optical wavelength polarized light, in which case optical
polarization is unlikely to be tracing the B-field of NGC 891.
Pavel & Clemens (2012) found no H-band polarization from the face-on galaxy
M51. If the lack of polarization was due to insufficient NIR optical depth through the
galaxy to produce detectable polarization, then there may be similarly insufficient
dichroic optical depth in the visible bands, assuming a normal Serkowski law relation-
ship (Serkowski et al. 1975; Wilking et al. 1982) between polarization and wavelength.
If so, the centro-symmetric optical polarizations observed in face-on galaxies (Scar-
rott et al. 1987; Draper et al. 1992; Scarrott et al. 1993; Scarrott 1996) may also be
caused by scattering and not dichroism. This would leave radio polarimetry as the
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sole means for probing the B-field of face-on galaxies and weaken the reliability of
optical polarizations for probing the B-fields of even edge-on galaxies.
2.5 Summary: Lessons Learned from NGC 891
Deep H-band imaging polarization observations of the Milky Way analog
edge-on galaxy NGC 891 revealed moderately weak (P < 1%) mean polarization,
though detected with SNR up to 20. These data were sensitive enough to permit
detection of NIR polarization in the disk of NGC 891 out to 14 kpc from its center,
which is much further than any previous NIR polarimetric observations. The polar-
ization map revealed at least one polarization null-point in the NE disk but none in
the SW disk. The northern inner null-point does not show the expected transition
from disk-parallel to disk-perpendicular polarization with increasing projected cen-
tral offset (Wood 1997). NIR polarization P.A. for NGC 891 is generally oriented
10◦ to 20◦ west of the galaxy major axis P.A., even far from the central bulge. The
wide angular extent of these data permitted comparison between NIR and radio-
synchrotron polarizations. In general, the distribution of radio and NIR P.A. values
are more similar in the north than in the south, indicating that radio and NIR are
generally probing a common B-field in the north but different B-fields in the south.
A trend in ∆P.A. = P.A.radio − P.A.NIR along the major axis and several other N-S
asymmetries in the polarization may be related to spiral structure in the disk.
Polarization in the dust lane showed several distinct features. Polarization per-
centage reaches a maximum in the dust lane for the NE disk and central regions
but exhibits a minimum in the SW disk dust lane. The P.A. values shift from disk-
parallel east of the dust lane to −20◦ (relative to the major axis) west of the dust
lane. Polarization percentage increases with distance from the disk mid-plane. This
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result and the disk-parallel P.A.s above and below the NE disk, may be caused by
disk starlight scattered by extraplanar dust.
NIR polarizations exhibit distinctly different orientations than seen at optical
wavelengths. There is no disk-perpendicular NIR polarization in the outer disk, as
would be expected if poloidal B-fields were present. Rather, there is very weak NIR
polarization in the far NE disk, and the polarizations in the far SW disk are even
more disk-parallel than elsewhere in the galaxy. It seems likely that the optical
polarizations in this galaxy are dominated by scattering and that these new NIR po-
larization observations (which generally agree with radio-synchrotron values) better
reveal the magnetic field orientations in the cool ISM of NGC 891.
The results of this chapter highlight the need to better understand the role of
scattering in the optical and NIR polarization of light from external galaxies. For
example, the disk-perpendicular PA of the optical polarization can be described in
terms of scattered light (e.g., Peest et al. 2017). Does this imply that the optical
polarization is dominated by scattered light while the NIR polarization is dominated
by dichroism? Chapter 1 introduced a plan for sorting out the relationship be-
tween scattering-dominated and dichroism-dominated polarization in external galax-
ies. This plan is carried out in the following three chapters.
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Chapter 3
The Polarization of Optical and
Near-infrared Light from Reflection
Nebulae
3.1 Introduction
Scattered light is both bluer (Strutt 1871a; Henyey & Greenstein 1938) and
more highly polarized than unscattered light (van de Hulst 1981), but if the polar-
ized component of scattered light were separated from the unpolarized component,
what color would it be? Attempts to understand the wavelength dependence of
the polarization of scattered light have been dominated by theoretical work (White
1979a; Zubko & Laor 2000), which has been only lightly confronted by observations
(Sellgren et al. 1992). This study aims to significantly improve the observational
constraints on these theoretical predictions in order to better understand the role of
scattering in polarimetric observations of the interstellar magnetic (B) field in the
Milky Way and other galaxies.
When optical or near-infrared (NIR) light interacts with dust in the interstellar
medium (ISM), that light can be polarized via one of two common mechanisms:
linear dichroism by magnetically-aligned dust grains or scattering of light by dust
grains. The dichroic mechanism produces polarized light with a position angle (PA)
parallel to the plane-of-sky component of the B-field threading the intervening dusty
ISM. Thus, polarimetric observations at optical or NIR wavelengths can be used to
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probe the B-field in the cold, dusty ISM of the Milky Way (Mathewson & Ford
1970; Clemens et al. 2012a) and other galaxies (Jones 1997; Clemens et al. 2013;
Montgomery & Clemens 2014).
Light polarized by scattering exhibits a PA perpendicular to the plane in which
it was scattered (van de Hulst 1981), so the PA of scattered light is generally unrelated
to the interstellar B-field. Thus, if scattering is the predominant source of polarized
light from a given object, then polarimetric measurements of that object do not
reveal the B-field in the dusty ISM.
Given the behavior of the two mechanisms described above, accurate analysis of
the cold ISM B-field via polarimetry requires an accurate assessment of the conditions
under which scattering is the predominant source of polarized light. Making such an
assessment can be particularly difficult in the case of an external galaxy, where most
of the individual stellar light sources are unresolved by ground-based observations.
Wood (1997) developed a model of the expected polarization of light from an external
galaxy including the effects of both dichroism and scattering. This model predicted
that for an edge-on, disk galaxy, with its rotation axis perpendicular to the line-of-
sight, the observed polarization would be dominated by dichroic polarization near the
central region of the galaxy and would transition to scattering-dominated polarization
in the outer disk of the galaxy. The predicted signature of the scattering-dominated
polarization is a disk-perpendicular PA. This signature is produced by dust in the
outer disk scattering light from the bright central core of the galaxy.
The H-band polarimetry of NGC 891 presented in Chapter 2 (Montgomery
& Clemens 2014) served as a test of the Wood (1997) model. However, the PA
orientation detected in NGC 891 was roughly disk-parallel across the entire galaxy.
Thus, there was no evidence of a transition to scattering-dominated polarization in
the outer disk of the galaxy. The disagreement between the Wood (1997) model
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and the Montgomery & Clemens (2014) observations of NGC 891 indicated that
the current understanding of the polarization of light via scattering by dust in the
ISM is incomplete. Discerning whether scattering or dichroism is responsible for
producing a given, observed polarization signal in an external galaxy requires a more
accurate characterization of the polarization produced by each mechanism than has
been available to date. The characteristics expected for light polarized by each of
these mechanisms is presented in the following sections.
3.1.1 Dichroic Polarization
In the presence of a B-field, radiative torques align dust grains such that their
long-axes are predominantly perpendicular to the direction of ambient B-field (Lazar-
ian & Hoang 2007). As background starlight passes through these aligned grains,
light with an electric-field parallel to the grain long-axes is preferentially absorbed
while light with an electric-field perpendicular to the grain long-axes is preferentially
transmitted. Thus, a magnetized, dusty medium acts as a linear dichroic such that
as light is transmitted through that medium it becomes slightly polarized. The net
polarization signal has a polarization percentage (P ) of a few percent and a PA
oriented parallel to the plane-of-sky projection of the B-field permeating the dusty
material.
In the ISM, the wavelength dependence of this dichroic polarization (Pdichro(λ))
has been empirically described by the Serkowski law (Serkowski et al. 1975; Wilking
et al. 1982). The Serkowski law has the form
Pdichro(λ) = Pmax × exp
[
−K ln2 (λmax/λ)] , (3.1)
where λ represents wavelength, Pmax represents the maximum polarization percent-
age, which occurs at λmax, and K is a constant which sets the width of the curve.
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Wilking et al. (1982) found that the value of K is linearly correlated with the value
of λmax and follows the relation
K = (−0.10± 0.05) + (1.86± 0.09)λmax (3.2)
The wavelength of λmax is generally near the center of the optical part of the
electromagnetic spectrum, with λmax ∼ 0.5 µm (Whittet et al. 1992). The value
of P observed at wavelengths shorter or longer than λmax is necessarily less than
what is observed at the optical λmax wavelength. Thus, the general characteristic
of Pdichro(optical) > Pdichro(NIR) is expected in the case of polarization produced by
dichroism, except for cases of extreme grain growth, where λmax may occur at NIR
wavelengths (Whittet & van Breda 1978; Voshchinnikov & Hirashita 2014).
3.1.2 Polarization of Scattered Light
Scattering processes generally produce light with larger values of P than the
dichroic process described above. The PA of that scattered light is generally unrelated
to the orientation of the B-field in the scattering material (Whitney & Wolff 2002).
Instead, the PA of the light polarized by scattering is oriented perpendicular to the
plane in which the light was scattered.
Light which has been polarized via scattering can sometimes be identified by its
relatively higher values of P . In the case of observing an individual star within the
Milky Way, the value of P provides a clue to the polarizing mechanism. Observations
with P significantly greater than those expected from the Serkowski law are generally
attributed to scattering by circumstellar, dusty material and do not provide much
information about the intervening B-field (Casali 1995; Sogawa et al. 1997). For
external galaxies, where the majority of the stellar sources of light are not individually
resolved by ground-based observations, it is difficult to discern whether the observed
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polarization is due to magnetically-aligned dust grains or scattering processes similar
to those responsible for the Diffuse Galactic Light at these wavelengths (Fendt et al.
1996; Draine 2011; Brandt & Draine 2012).
Dilution by Unpolarized Light
An individual pixel within an image may have received light from multiple
sources. When imaging scattered light, sources of unpolarized light delivering light
to a given pixel will dilute the observed polarization percentage, Pobs,scat. Sources
of unpolarized light may include emission from spectral features, thermal emission
from heated dust grains, or emission from stellar photospheres. The effects of such
an admixture of polarized scattered light and unpolarized light can be understood
by considering the relationship between Pobs,scat and the polarized intensity (PI) of
the scattered light, which is the product of P and intensity (Stokes I).
The value of Pobs,scat for such an admixture of light can be computed by dividing
PI by the total intensity from both the scattered light and the unpolarized light.
This produces the relation
Pobs,scat =
PIscat
Iscat + Iunpol
, (3.3)
where PIscat is the polarized intensity of the scattered light, Iscat is the intensity of
the scattered light, Iunpol is the intensity of the unpolarized light, and Pobs,scat is the
observed polarization percentage of the diluted, scattered light. From this, it can be
seen that increasing the value of Iunpol reduces the value of Pobs,scat if other terms are
unchanged.
If the relative amounts of polarized, scattered light and unpolarized, diluting
light are known, then dilution can be corrected to compute the true polarization
percentage of the scattered light, Ptrue,scat. This is done via the equation
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Ptrue,scat = Pobs,scat
Iscat + Iunpol
Iscat
. (3.4)
The value of (Iscat +Iunpol)/Iscat is always greater than or equal to one. Thus, Pobs,scat
is a lower bound on Ptrue,scat.
The value of Iunpol in the observed targets is unknown, and current photometric
techniques do not enable the observer to separate these mixed Iscat and Iunpol signals,
so no attempts were made to disentangle the scattered light and the unpolarized
light. Instead, the observed value, Pobs,scat, is reported and denoted simply by the
symbol Pscat. As more work is done to disentangle each source of emission within the
complicated environments studied here, the diluting effects of unpolarized emission
can be corrected for using Equation 3.4.
Theory
Scattering processes can be parameterized by the ratio of the size, a, of the
scattering particle to the wavelength, λ, of the scattered light. This ratio is expressed
via the size parameter, x ≡ 2pia/λ. In the case of a size parameter much less than
one (small a or large λ) scattering physics simplifies to the Rayleigh approximation,
which predicts 100% polarization for light scattered at a 90◦ angle and lower values of
P for other scattering angles (Strutt 1871a,b). Larger values of x require Mie theory
calculations, which predict lower levels of polarization than Rayleigh scattering for
all scattering angles (Wolff et al. 1998).
White (1979a) used Mie theory to predict the wavelength dependence of Pscat
for light scattered by the broad range of dust grain sizes present in the ISM. White
assumed that the distribution of dust grain sizes followed the power-law distribution
of Mathis et al. (1977, hereafter MRN). From this, they found that Pscat(optical) ≈
35% with a sharp rise in Pscat for wavelengths longer than ∼ 0.6 µm reaching values
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as high as Pscat ≈ 80% at 1 µm. White did not model Pscat for wavelengths longer
than 1 µm because it was assumed that Rayleigh scattering adequately describes
scattering processes at these wavelengths, where λ is larger than even the largest
grains expected to be found in the ISM based on the MRN dust properties.
Zubko & Laor (2000) expanded on the work of White (1979a) by estimating
Pscat(λ) for a variety of scattering angles. They found that Pscat still reached its
maximal value at a scattering angle of 90◦ and decreased for scattering angles less
than or greater than 90◦. It was still predicted that Pscat would monotonically increase
from ∼ 25% at 0.5 µm to ∼ 40% at 1 µm for scattering angles of 60◦ (forward
scattering) and 120◦ (backward scattering).
Observations
Sellgren et al. (1992) attempted to measure the Pscat(λ) curve by observing
the polarization of light between 0.3 µm and 2.2 µm within selected apertures in
the reflection nebulae NGC 2023 and NGC 7023. They found ambiguous results,
which varied from aperture to aperture, but they generally concluded that Pscat
peaks around ∼ 20% in J-band (1.2 µm) and decreases for longer wavelengths. The
decrease in Pscat at longer wavelengths was interpreted to be caused by a diluting
effect from unpolarized emission at the longer, NIR wavelengths. Evidence for such
emission at NIR wavelengths had previously been detected by Sellgren et al. (1983).
Sellgren (1984) further examined this NIR continuum emission and hypothesized that
it is produced by thermal radiation from small dust grains which are stochastically-
heated to high temperatures by the absorption of individual UV photons.
The chief problem in the study by Sellgren et al. (1992) is the use of an aper-
ture polarimeter. The apertures used by Sellgren et al. (1992) had a diameter of
approximately 10′′. Thus, each aperture only samples ∼ 0.02% of the solid angle of
the nebula, which has an angular diameter of ∼ 10′ at optical wavelengths. Without
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obtaining a complete image of the polarized light, it is difficult to know the degree
to which Pscat varies across the reflective surface of the nebulae or to place each po-
larization measurement in its proper context within the nebular environment. Using
imaging polarimetry of the selected targets, the spatial distribution of the scattered
light can be mapped across the surface of the nebula and any local departures from
the expected scattering characteristics can be identified.
3.1.3 Science Goals and Study Outline
This Chapter has two specific science goals. The first goal is to measure Pscat(λ)
across the optical and NIR portions of the electromagnetic spectrum. The second
goal is to assess which wavelengths are more likely to be affected by significant
polarization from scattered light when observing external galaxies.
The Pscat(λ) curve can best be determined by measuring Pscat at multiple wave-
lengths for a sample of objects whose surface brightness is dominated by scattered
starlight. By mapping the value of P across the surface of these objects, it is possi-
ble to identify which regions of the target are best suited for use in constructing an
estimate of Pscat(λ).
This study was motivated by the realization that the effects of scattered light
on polarimetric measurements of B-fields in external galaxies are poorly understood
(Montgomery & Clemens 2014). By imaging the polarization of the selected ob-
jects, it is also possible to assess which wavelengths are least likely to be affected
by scattered light when observing an external galaxy. These wavelengths are ideally
suited for probing the B-field in external galaxies with minimum contamination from
scattering effects.
This study proceeds in the following order. Section 3.2 describes the selection
criteria for the observed targets and provides a description of the physical environ-
ment of those targets. Section 3.3 describes the optical and NIR instruments and
58
observing procedure used to measure the polarization of the selected targets. Sec-
tion 3.4 describes the data reduction and calibration procedures used to produce
photometric and polarimetric maps of each of the observed targets for both optical
and NIR observations. This section also introduces a method to adaptively regrid
the reduced images in order to guarantee a user-specified minimum signal-to-noise
ratio (SNR) for the resulting measurements of P .
The analysis presented in Section 3.5 is broken into several subsections. Sec-
tions 3.5.1 and 3.5.2 present and discuss the photometric and colorimetric data,
which provide context for each of the observed targets. With that context set, maps
of the observed PA are presented in Section 3.5.3 and used to search for signatures
of scattered light. Having identified which regions of the targets are dominated by
singly-scattered light, Section 3.5.4 presents the P maps of the observed targets.
Section 3.5.5 identifies which subregions of the targets are appropriate to use in a
detailed study of the wavelength dependence of the polarization, and Section 3.5.6
presents an estimated Pscat(λ) curve.
The discussion in Section 3.6 addresses some of the surprising results from the
analysis. In particular, the discussion focuses on the discovery of distinct dust pop-
ulations within these targets and the fact that those distinct populations exhibit
different scattering properties at NIR wavelnegths. The importance of this finding
for models of dust grains and scattering processes is also discussed. Finally, the impli-
cations of these findings for obtaining accurate, polarimetric observations of B-fields
in external galaxies is explored with a final recommendation that NIR wavelengths
are better suited to accurately probe the B-field in the cold, dusty ISM of external
galaxies.
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3.2 Target Selection and Description
Reflection nebulae are ideal laboratories for addressing the science goals pre-
sented above. They are, by definition, dominated by scattered light from a central
illuminating star. The ideal reflection nebula should meet the following criteria.
The target should have few strong sources of non-scattered light, as this light would
systematically dilute the observed value of Pscat in accordance with Equation 3.3.
The scattered light should predominantly originate from a single illuminating star,
as scattered light from multiple directions of illumination also dilutes P (Bohren &
Huffman 2008). The target must also be bright enough at NIR wavelengths to be
detectable with the high SNR required for accurate, resolved polarimetry.
3.2.1 Reflection Nebulae: General Characteristics
Based on these criteria, the best laboratories for this study that are observ-
able from the northern hemisphere are the reflection nebulae M78, NGC 2023, and
NGC 7023. These include the two nebulae studied by Sellgren et al. (1992) using
aperture polarimetry.
Sellgren (1983, 1984) argued that the NIR light from these nebulae is dominated
by non-scattered light. However, those studies were also limited by the use of aperture
photometry to study light from very localized regions. Improvement requires analysis
of resolved images of these nebulae. Through the imaging analysis, it is possible to
identify sub-regions of these nebulae which are dominated by scattered light.
Scattered light is generally bluer than the illuminating source (van de Hulst
1981; Strutt 1871a), but these particular nebulae all show significantly redder colors
than expected from a pure scattering model (Witt 1985). There are at least three
effects which could contribute to the redder color of the nebulae. There is likely some
intra-nebular reddening of the light as it travels between the illuminating star and the
60
scattering surfaces (Witt & Cottrell 1980). There is also some interstellar reddening
suffered between the location of scattering and the observer. Finally, many reflection
nebulae show significant amounts of “extended red emission” (ERE, Witt et al. 1984;
Witt & Schild 1985). This broadband emission is typically located at ∼ 0.677 µm
with a width of ∼ 0.078 µm (Witt & Boroson 1990; Li & Greenberg 2003). ERE has
been detected in a number of reflection nebulae, including NGC 2023 and NGC 7023
(Witt & Schild 1985), and it is often concentrated in narrow, filamentary features
(Witt & Malin 1989).
Interstellar dust was assumed to introduce a similar amount of reddening on
the light received from both the scattering surfaces and the illuminating star of each
nebula. Thus, the observed colors, rather the the intrinsic colors, of these stars
was treated as the fiducial references to which the colors of the nebular light were
compared.
The stars bright enough to produce observable reflection nebulae are generally
O- or B-type stars. These stars also produce sufficient ultraviolet (UV) radiation to
generate H II regions (Stro¨mgren 1939; Yorke 1986). Such H II regions are strong
sources of unpolarized spectral line emission, which could affect estimates of Pscat.
Thus, it was important to avoid reflection nebulae which have produced large H II
regions, and instead select nebulae with only very small H II regions such that they
can be masked in images and removed from the analysis.
The requirement of avoiding large H II regions narrows the range of possible tar-
gets to nebulae powered by cooler, B-type stars. Such stars still produce substantial
UV radiation. This radiation might not be intense enough to produce an H II region
but is able to produce photon-dominated regions (PDRs), where the incident UV
flux dominates the chemistry and evolution of the local ISM (Hollenbach & Tielens
1997). On the side of the PDR nearer to the source of UV illumination, the ISM is
61
dominated by atomic H I (UV dissociated H2), while on the far side of the PDR, the
ISM is dominated by molecular H2 . Thus, the PDR itself delineates the transition
between these two phases.
The unique chemistry within PDRs and the incident UV radiation causes them
to sometimes emit identifying fluorescent tracers. In the optical, UV radiation drives
the production of R-band ERE (Witt et al. 2006). Thus, the filamentary ERE seen
in many reflection nebulae can be used to trace the location of the associated PDR.
In the NIR, the incident UV radiation can excite molecular H2 to fluoresce in ro-
vibrational lines across the 2 µm range. Thus, PDRs will often also be marked by
excess NIR emission with a particular H2 spectroscopic signature (Berne´ et al. 2009).
3.2.2 Dust Processing by UV Radiation in Reflection Nebulae
The UV radiation responsible for the chemical structure and evolution of a
PDR also acts upon the dust grains in the surrounding ISM. Salgado et al. (2012)
observed the mid-infrared (MIR) to far-infrared (FIR) spectrum of selected zones
within the W3(A) star-forming region and found evidence that the size distribution
of the dust grain population exterior to the PDR is different than that for the dust
grain population interior to the PDR. Evidence of similar dust grain processing has
been identified in several other PDR environments (e.g., Arab et al. 2012; Adams
et al. 2015).
ISM dust can be described as having three basic components (Weingartner &
Draine 2001b) with distinct ranges of grain sizes, a. These components are as follows:
big grains (BGs, 0.02 µm ≤ a ≤ 0.3 µm), which are generally silicates, whose grains
include thousands of atoms; very small grains (VSGs, 0.001 µm ≤ a ≤ 0.02 µm),
which are generally carbonaceous grains consisting of clusters of hundreds of atoms;
and polycyclic aromatic hydrocarbons (PAHs, 10−4 µm ≤ a ≤ 10−3 µm), which are
ringed structures made up of several dozen carbon and hydrogen atoms (Draine &
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Li 2007). The harsh UV radiation on the illuminated side of PDRs dissociates VSGs
into smaller PAH components (e.g., Rapacioli et al. 2005). The larger BGs, however,
are often able survive in harsh UV environments, such as H II regions and PDRs
(e.g., Churchwell et al. 2006, 2007; Deharveng et al. 2010; Salgado et al. 2016).
3.2.3 The Reflection Nebuale of this Study
As will be shown below, of the three targets studied, NGC 7023 provided the
most useful laboratory for directly addressing the proposed science goals. Thus, a
thorough description of the NGC 7023 environment is provided below, while only
cursory introductions of M78 and NGC 2023 are given.
M78
The reflection nebula M78 is located in the Orion molecular cloud L1630 (Lynds
1962) at a distance of ∼ 400 pc (Menten et al. 2007). It is powered by the bright
object HD 38563-N, which is a binary pair of early B-type stars (Martini et al.
1999). Before the binary pair were astrometrically resolved, Strom et al. (1975)
spectroscopically classified the pair as a single B2III star, which has an expected
intrinsic color of V −R = −0.12 mag and H−Ks = −0.07 mag (Winkler 1997).
The observed optical color of HD 38563-N was determined using photometry
from the AAVSO Photometric All-Sky Survey (APASS) catalog (Henden & Mu-
nari 2014) and the photometric transformations derived by Jordi et al. (2006).
The observed NIR color was extracted from the 2MASS catalog (Skrutskie et al.
2006). Using this procedure, the observed optical and NIR colors of HD 38563-N
are V −R = 0.714 mag and H−Ks = 0.26 mag. Assuming a NIR reddening law
of AV = 15.9E(H−Ks)(Rieke & Lebofsky 1985; Lada et al. 1994), this implies an
extinction of AV = 5.2 mag.
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NGC 2023
The reflection nebula NGC 2023 is also embedded in the L1630 molecular cloud
and hence is at approximately the same distance as M78 (∼ 400 pc Menten et al.
2007). It is located ∼ 10′ to the northwest (NW) of the Horsehead dark nebula and
the associated emission. NGC 2023 is illuminated by the B3IV star HD 37903 (Houk
& Swift 1999), which has an intrinsic color of V −R = −0.10 mag and H−Ks =
−0.06 mag (Winkler 1997). The observed colors of this star are V −R = 0.09 mag
and H−Ks = 0.137 mag, which implies an extinction of AV = 3.1 mag (Rieke &
Lebofsky 1985).
NGC 7023
The reflection nebula NGC 7023, also known as the “Iris Nebula,” is located
at the northern end of the L1167/L1174 complex (Lynds 1962; Yuan et al. 2013) at
a distance of 320 ± 51 pc (Benisty et al. 2013). This nebula is illuminated by the
triple system HD 200775, which consists of two close Herbig Be stars and a fainter
companion (Benisty et al. 2013). Thus, a single specific spectral type cannot be
assigned to HD 200775 except to say that the unresolved triple has the approximate
spectrum of an early B-type star. Based on this assessment and previous attempts at
spectral classifications (e.g., Guetter 1968; Viotti 1976; Garrison 1978), the intrinsic
color of the illuminating star system is expected to be in the range −0.14 < V −R <
−0.10 and −0.07 < H−Ks < −0.06 (Winkler 1997; Ducati et al. 2001). The
observed colors of these stars, treated as a single entity in the aperture photometry
of APASS and 2MASS, are V −R = 0.225 mag and H−Ks = 0.994 mag. This star
system has a NIR excess (Hartmann et al. 1993), which causes the star to have a
redder H−Ks color than interstellar reddening would produce. Following Martini
et al. (1999), a value of RV = 5 toward this cloud was adopted based on the analysis
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of Mathis (1990), and a color excess of E(B − V ) = 0.44 mag from Witt & Cottrell
(1980) was used to give a total extinction of AV = 2.2.
The B-type stars in HD 200775 are at the cold end of the range of stars which
might produce H II regions (Churchwell et al. 2006). There is some evidence of a
very small H II region within ∼ 4′′ of the central star (Ney et al. 1980). However,
this region is small enough it can be masked in images and its effects removed from
the analysis of the nebula performed in this current study.
NGC 7023 contains three prominent PDRs: one located ∼ 40′′ to the northwest
of the central star (NW-PDR), one located ∼ 70′′ to the south (S-PDR), and one
located ∼ 170′′ to the east (E-PDR) (Abergel et al. 2010). The relative location
and shape of these PDRs are illustrated in Figure 3.1. These PDRs are seen in a
nearly edge-on orientation, as revealed by their sharp, filamentary appearance (Witt
& Malin 1989). For convenience, the region between the illuminating star and the
PDRs will be referred to as the “interior region” and the regions farther from the
illumating star than the PDRs will be referred to as the “exterior region.”
Lemaire et al. (1996) used narrow-band, NIR filters to produce high resolution
images of the H2 ro-vibrational line emission from the PDRs of NGC 7023. Based on
these images alone, there was some ambiguity as to whether H2 emission was driven
by UV powered fluorescence or shocks, as both could excite H2 emission. Takami
et al. (2000) performed Fabry-Perot imaging spectroscopy to measure the H2 emission
line ratios in NGC 7023 and found the emission is driven by UV fluorescence and not
shocks. Thus, this H2 emission is tracing photo-chemistry typical of PDRs rather
than colliding winds and clouds.
Radio observations of NGC 7023 reveal that H I fills the interior region of
the nebula, with a maximum column density of NH = 8.8 × 1020 cm−2 (Rogers
et al. 1995). The same inner region is effectively devoid of molecular gas, which
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E-PDR
S-PDR
NW-PDR30″
HD 200775
Fig. 3.1: An illustration of the PDRs in NGC 7023. The solid black curves indicate
the location of the PDRs, the dashed black curves delineate the boundary of the
region interior to those PDRs, and the blue star marks the location of the illuminating
triple star system.
is instead found to be concentrated around the periphery of the nebula, on the
exterior sides of the PDRs. The peak of the column densities exterior to the NW-
PDR are N13CO = 7.8 × 1015 cm−2 and NH2 = 6.0 × 1021 cm−2, and the peak of
the column densities to the south of the S-PDR are N13CO = 6.4 × 1015 cm−2 and
NH2 = 4.8× 1021 cm−2 (Yuan et al. 2013).
The UV radiation from the bright stars at the center of NGC 7023 has signif-
icantly altered the surrounding, dusty ISM. Analysis of the MIR spectrum of the
NW-PDR of NGC 7023 suggested that the VSG component of the dust population
is present on the exterior side of the NW-PDR, but the VSG population is greatly
reduced (either destroyed or reduced into PAHs) on the interior side of the NW-PDR
(Berne´ et al. 2007).
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3.3 Observations
New optical polarimetry observations of M78 were obtained in 2015 January.
Optical observations of the remaining nebulae and NIR observations of all three neb-
ulae were obtained in 2016 November and December. The Perkins 1.83 m telescope
located near Flagstaff, AZ was used for all these observations. The PRISM instru-
ment1 was employed for the optical observations, and the Mimir instrument (Clemens
et al. 2007) was employed for the NIR observations.
Optical observations were conducted using a rotatable polaroid filter and V -
and R-band filters, centered at 0.535 µm and 0.638 µm, respectively. PRISM used
a Fairchild 2048 × 2018 pixel CCD array with an effective gain of 3.3 e−/ADU and
a read noise of 13 e−. The field-of-view (FOV) was 13.′2, giving a plate scale of
0.′′39 pixel−1 at 1× 1 pixel binning.
NIR observations were conducted using H- and Ks-band filters centered at
1.6 µm and 2.2 µm, respectively. The Mimir detector was an Aladdin III 1024 ×
1024 pixel InSb array with an effective gain of 8.21 e−/ADU and a read noise of
19 e−. The FOV was 10′, giving a plate scale of 0.′′58 pixel−1. Polarization was
measured using a cold, compound, rotatable half-wave plate (HWP) and a cold wire
grid.
All observations of the reflection nebulae used a sky-chopping mode. Off-target
reference fields were selected to be near each target but far from any nebular flux.
Thus, the reference fields provided measurements of the non-nebular sky brightnesses
toward the target, bracketing the time of the target observation. Optical images were
obtained for four polaroid filter rotation angles, and NIR images were obtained using
16 unique HWP rotation angles. Sky chopping was performed in an an Off-On-On-
Off pattern, rotating the polaroid filter or HWP after each set of four sky chops. Thus
1http://www.bu.edu/prism/
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each optical observation includes eight individual on-target exposures and each NIR
observation includes 32 individual on-target exposures. A dither of several arcseconds
was introduced into subsequent off-target frames so that stars in the reference field
could be masked to yield a star-free sky reference image to be subtracted from the
on-target frames. This sky-chopping method provided a bracketing pair of off-target
images to estimate the sky-background level for each on-target pointing, enabling
the accurate removal of the background sky-brightness from each on-target frame.
This was especially important for the NIR observations given the rapid variation in
the atmospheric OH emission levels at H- and Ks-band.
Further details of the observations are listed in Table 3.1. Optical observations
of the nebulae were done with 2×2 pixel binning to boost the SNR in each pixel.
Exposure times of 20 to 30 sec were used for individual images, and the sky chop-
ping procedure was repeated between six and 15 times, resulting in total, on-target
integration times between one and five thousand seconds.
The polaroid and HWP position angle offsets and polarimetric efficiency of the
instruments were determined by observing polarization standard stars from Whittet
et al. (1992) in Orion and Taurus in both optical and both NIR bands. The PRISM
observations of these standard stars were performed using single pixel binning to
better resolve the stellar point-spread-function (PSF).
3.4 Data Reduction and Calibration
3.4.1 Basic Data Reduction
The overscan region was used to correct for the electronic bias level in each
individual PRISM frame. A series of zero-second PRISM exposures were also ob-
tained during the observing runs. These bias frames were averaged to produce a
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two-dimensional (2D) bias image which was used to correct for the 2D structure in
the detector bias level.
The dark-current for the liquid-nitrogen cooled PRISM detector was estimated
by obtaining sixteen 1000 s exposures with the instrument cover in place and an
opaque filter in the optical path to prevent stray light from entering the system.
These dark frames were averaged to yield a dark-count image. The average dark-
count was less than one standard deviation above zero, and there were no “hot
pixels” with strong dark-current. Thus, no dark-current correction was applied to
the observations.
A series of polaroid-angle-specific flat-field images were obtained for both V -
and R-band using the in-dome white screen illuminated by incandescent lamps on
the front end of the telescope. The average, mode-normalized, flat-field frames were
used to flatten the bias-corrected images to yield science-quality images.
The bias level of the Mimir instrument was estimated by a set of 16 zero-second
exposures obtained after each set of dithered science-observations. The dark-current
was estimated by performing a set of dark exposures with an opaque filter in the
optical path. The dark-current of the Mimir detector was non-linear over time,
so each exposure time for science observations was accompanied by a set of dark-
current frames with an identical exposure time to correct for the dark-counts given
the exposure time of each science observation.
The non-linear response of each Mimir pixel was corrected by obtaining a series
of exposures of the in-dome white screen illuminated by lamps at the front end of
the telescope. The series of exposures spanned a broad range of exposure times to
sample the response of each pixel at a range of illuminations.
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The non-uniform transmission across the Mimir FOV was corrected by obtain-
ing a series of HWP-angle-specific field-field exposures of the in-dome white screen
illuminated by lamps at the front end of the telescope.
All of the calibration frames described above were passed to the Mimir Software
Package Basic Data Processor (Clemens et al. 2012b, MSP-BDP v3.4.3), which ap-
plied corrections for bias, dark-current, non-linear pixel response, and HWP-specific
flat-fielding to produce science-quality, reduced images of the observed targets.
3.4.2 Sky Subtraction
The on-target science frames included some contribution of sky-brightness from
the Earth’s atmosphere and thermal emission from the telescope and Mimir instru-
ment. This contribution was removed using the off-target (reference) frames to esti-
mate the sky-brightness at the time of the on-target observations via time interpo-
lation:
c(ton) =
ton − toff,1
toff,2 − toff,1
Isky(ton) = c(ton) · Ioff,1 +
(
1− c(ton)
) · Ioff,2, (3.5)
where ton is the UT time of the on-target observation, toff,1 and toff,2 are the UT
times of the bracketing off-target observations, Ioff,1 and Ioff,2 are the estimated sky-
brightness in the off-target observations, and Isky(ton) is the estimated sky contribu-
tion at the time of the on-target observation.
The science-quality PRISM frames were adequately flattened by the reduction
procedure described above, so no additional flattening was required. Thus, scalar es-
timates of the background levels were used for Ioff,1 and Ioff,2, yielding scalar estimates
for Isky(ton). For the Mimir frames, some emission due to dust on the instrument
window and optics was not removed by the dome-flats. These secondary effects were
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removed by masking the stars in the off-target frame and using the entire 2D im-
age as a map of values for Ioff,1 and Ioff,2. This yielded a 2D image for Isky(ton),
which included the emissive effects of the dust in the optical path. These scalar
and 2D image values for Isky(ton) were subtracted from each on-target frame to yield
background-free, on-target images.
The background-free, on-target images were combined to produce average im-
ages for each polaroid or HWP rotation angle of each target at each waveband. The
uncertainties associated with these images were estimated by combining the read
noise and the Poisson-based variance of the electron count in each pixel.
Some stars in the NIR off-target frames were too faint to locate and mask
during the interpolated sky-subtraction procedure described above. Some of these
stars built up significant negative contribution over the full set of NIR observations
and appear as dark spots within the smooth background of light from the reflection
nebulae. These over-subtracted pixels were identified and masked for the polarimetric
analysis.
3.4.3 Computing Stokes Parameters
Each PRISM polaroid rotation angle corresponded to one of four instrument
independent polarimetric position angle (IPPAs): 0◦, 45◦, 90◦, and 135◦. The 16
Mimir HWP rotation angles represent a fourfold redundancy of these IPPAs. Thus,
the four HWP images corresponding to each IPPA were averaged to form four master
IPPA images. These IPPA images were used to produce Stokes I, Q, and U images
via the equations
I = 0.5× (I0 + I45 + I90 + I135),
Q = (I90 − I0)/(I90 + I0), and
U = (I135 − I45)/(I135 + I45).
(3.6)
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The uncertainties in these Stokes values were propagated from the uncertainties in
the IPPA images.
3.4.4 Polarimetric Calibration
The polarimetric characteristics of the PRISM and Mimir systems were esti-
mated by measuring the observed P and PA of polarization standard stars. The
polarimetric efficiency () was estimated by fitting a linear relation between the val-
ues of P reported by Whittet et al. (1992) and the measured values, forcing the
line to pass through the origin. The slope of this line indicates the efficiency with
which the instrumental system measured polarized light. The PRISM polarimetric
efficiency values were determined to be V = 0.891±0.014 and R = 0.90±0.03. The
previously determined Mimir values of H = 0.9203±0.0029 and Ks = 0.862±0.023
(Clemens et al. 2012b) were adopted for this study.
The rotational offset between the equatorial coordinate frame and the polaroid
filter or HWP home positions was similarly determined by fitting a linear relation
between the values of PA reported by Whittet et al. (1992) and the measured values
of PA, for the observed standard stars, forcing the line to have a slope of ±1. The
sign of the slope indicates the direction the polaroid filter or HWP rotated with
respect to the convention of PA increasing in the east-of-north direction, and the
intercept indicates the zero-point offset between the rotating filter or HWP and
the equatorial frame. Because PRISM used the same polaroid filter for both V -
and R-band observations, this calibrating value was treated as a single number for
both bands and was found to have a value of 67.◦6 ± 0.◦6. The Mimir instrument
used a different HWP for H- and Ks-bands, so this calibrating value was measured
separately for each band. The previously determined rotation offsets of 21.◦5 ± 0.◦6
for H-band and −92± 2◦ for Ks-band (Clemens et al. 2012b) were adopted for this
study.
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The Stokes Q and U images for each waveband were divided by the correspond-
ing λ value reported above. These corrected Stokes Q and U images were used to
produce polarization percentage (P ) and position angle (PA) images using
P =
√
U2 +Q2 and
PA = 0.5 arctan
(
U/Q
)
.
(3.7)
The HWP and polaroid filter PA offsets reported above were added to these PAs to
transform them into equatorial coordinates.
The Statistics of Measuring Polarization
The Stokes Q and U parameters constitute a Cartesian coordinate space where
Q and U correspond to the x and y coordinates, respectively. Converting these Stokes
parameters into P and PA values is equivalent to transforming from Cartesian to
polar coordinates, where r = P and θ = 2× PA.
This transformation introduces some counterintuitive statistical effects. A
source with true polarization given by Q0 and U0 (or, equivalently, P0 and PA0)
is always measured with finite uncertainties σQ and σU . These two uncertainties
are generally taken to be independent and effectively equal (Simmons & Stewart
1985; Quinn 2012). Thus, measurements of the Stokes parameters for a given light
source can be modeled with a bivariate Gaussian probability density function (PDF)
centered at (Q0, U0) with circular width given by σP = σQ = σU . Integrating this
distribution over the full range of possible PA values produces the PDF of observed
P values for this source, known as the Rice distribution (Rice 1945). In the limit
P0  σP , this distribution peaks at σP . Thus, the most likely measurement for an
unpolarized source with P0 = 0 is P = σP , with a 60% probability of measuring
P > σP . These false-positive detections constitute a major source of contamination
when σP is large and the estimated P is even larger. To limit the presence of false-
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positives, a SNR requirement of P/σP ≥ 3 was invoked for a measurement to be
considered a “highly confident detection.”
P is a positively-biased quantity in general, and a variety of techniques have
been developed to estimate the true value of P0 from the measured value of Q and
U (Simmons & Stewart 1985; Maier et al. 2014). The primary objective of these
estimators is to mitigate the effects of the positive bias. Most of these estimators
return very similar results for P0 when P/σP ≥ 3, so the simple prescription of the
“asymptotic estimator” from (Plaszczynski et al. 2014) was adopted. This same
estimator was alternatively termed the “estimator based on approximated maximum
likelihood” (ebal) by Maier et al. (2014) and is given by
Pˆ0 =

√
P − σ2P , if P/σP ≥ SNRmin
0, if P/σP < SNRmin,
(3.8)
where SNRmin is the mininmum allowed signal-to-noise ratio. Unless otherwise noted,
a vaule of SNRmin = 3 was used. All polarization percentages reported in this study
were debiased with Equation 3.8. The uncertainty in this quantity was taken to be
the width of the bivariate Gaussian in Stokes Q and U space. Since σQ ≈ σU for
these data, the uncertainty was computed as
σP = 0.5
(
σQ + σU
)
(3.9)
Estimates of PA are not generally biased if σQ ≈ σU (Montier et al. 2015), so
no debiasing correction needs to be applied to the PA estimate from Equation 3.7.
Integrating a bivariate Gaussian distribution in (Q,U) space over all possible values of
P yields a non-gaussian PDF distribution of observed PA values for a given P0, PA0,
and σP (Equation 6 in Maier et al. 2014). This is a uniform distribution when P0 = 0,
and the distribution converges to a Gaussian in the limit P0  σP . For intermediate
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values of P/σP , the value of σPA is larger than expected from standard Gaussian error
propagation. This broader σPA value was computed using the piecewise functional
prescription of Maier et al. (2014):
σPA =

32.50
(
1.350 + tanh
(
0.739
(
0.801− P
σP
)))
− 1.154 P
σP
if P/σP < 6
28.65σP
P
, if P/σP ≥ 6,
(3.10)
which returns the uncertainty of PA in units of degrees.
3.4.5 Photometric Calibration
The Stokes I images were photometrically calibrated using entries from the
APASS catalog (Henden & Munari 2014) for PRISM images and the 2MASS catalog
(Skrutskie et al. 2006) for Mimir images. The APASS catalog provides Johnson B and
V photometry and Sloan g′, r′, and i′ photometry. The Sloan r′ and i′ photometry
values were converted into Cousins R-band photometry values using the photometric
transformations derived by Jordi et al. (2006).
Aperture photometry was performed on selected APASS stars in the PRISM V -
and R-band Stokes I images and 2MASS stars in the Mimir H- and Ks-band Stokes I
images. The resulting instrumental magnitudes were used to compute a zero-point
magnitude and a first order color-correction term for each waveband. This was done
by fitting the following linear regressions to the available data:
(mcal −mobs)λ1 = C0λ1 + C1λ1 × (mλ1 −mλ2)obs, and
(mcal −mobs)λ2 = C0λ2 + C1λ2 × (mλ1 −mλ2)obs,
(mλ1 −mλ2)cal = C0λ1λ2 + C1λ1λ2 × (mλ1 −mλ2)obs,
(3.11)
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where C0 is the zero-point offset between the instrumental system and the calibrated
photometric system and C1 is the coefficient of the color-correction term. The λ
subscripts indicate wavebands, the “cal” subscript indicates magnitudes or colors
of the calibrated catalog entries, and the “obs” subscript indicates the observed
instrumental magnitudes from the PRISM or Mimir Stokes I images.
The derived regression coefficients were used to compute the calibrated flux in
each pixel using the equation
Ical = f0 × 10−0.4×mcal/dΩ (3.12)
where f0 is the zero-point flux in units of Jy provided by Bessell et al. (1998) for
optical bands and Skrutskie et al. (2006) for NIR bands, mcal is the calibrated mag-
nitude of each pixel computed by applying Equations 3.11 to each pixel, dΩ is the
solid angle of a single pixel in units of arcsec2, and Ical is the calibrated intensity of
each pixel in units of Jy arcsec−2.
3.4.6 Adaptive Mesh Refinement for Polarization Maps
As described in Section 3.4.4, polarization measurements with low SNR can
introduce false-positive detections with high values of P . Thus, it is critical to omit
any low SNR detections from analysis of the polarization properties of these nebulae.
The broad range of brightnesses across the luminous extent of these nebulae
yields a similarly broad range of polarimetric SNR values. Thus, the pixels in the
dim periphery of the nebulae must be rebinned into larger synthetic pixels to produce
polarization measurements with acceptable SNR. The pixels in the brighter, central
parts of the nebulae do not need to be rebinned, as they already have sufficiently
high polarimetric SNR.
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To maximize the number of high-quality polarimetric measurements obtained
for each nebula while minimizing the amount of rebinning necessary, an adaptive
mesh refinement (AMR) method was developed and applied to the Stokes Q and U
images. The critical parameters of the AMR routine were the minimum acceptable
SNR and a maximum number of pixels to rebin into a single, synthetic pixel. The
minimum acceptable SNR value could be any number greater than zero, but the
maximal number of pixels to rebin must be a power of two so that each synthetic
pixel is always evenly divisible into smaller sub-pixels down to the original, unbinned
pixel size.
The AMR routine proceeded as follows. First, the Stokes Q and U images were
rebinned to the maximal level specified by the routine parameter. The polarization
SNR was tested at this rebinning level, and any maximally rebinned synthetic pixel
which did not meet the minimum SNR requirement was treated as a null measure-
ment.
Each synthetic pixel which passed the minimum SNR test at the maximal re-
binning was sub-divided into a 2 × 2 block of sub-pixels, and the average Stokes Q
and U values for each of those sub-pixels were re-computed. The polarization SNR
was again tested at this finer level of rebinning. If any one of the four sub-pixels
did not pass the minimum SNR test, then the procedure halted, and the maximal
rebinning was used for that synthetic pixel.
If all four sub-pixels passed the minimum SNR test, then each sub-pixel was
further sub-divided and tested. This procedure was repeated until either the pro-
cedure reached the rebinning level of the original image, or any pixel in a group of
2 × 2 sub-pixels failed to pass the minimum SNR test. This guarantees that every
measurement returned by the procedure either has a polarimetric SNR greater than
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the minimum requirement or it is a null value (i.e., the light in that region is assumed
to be unpolarized).
This AMR routine was applied to the Stokes Q and U images at each waveband
using a minimum SNR requirement of P/σP ≥ 3 (which yields a maximum false-
positive rate of 1%) and a maximal rebinning of eight pixels for the optical images
and 32 pixels for the NIR images. The exception was NGC 7023, for which the
maximal rebinning was set to eight pixels. The polarization maps presented in the
following sections were produced using those rebinned Stokes Q and U images.
3.5 Analysis
3.5.1 Structures and Colors of the Nebulae
The photometric calibration described above was used to produce a set of
Stokes I images and color maps from the observed optical and NIR wavebands. The
Stokes I images revealed the distribution of dusty material in which each reflection
nebula is situated and set the context in which the polarization maps which follow
are to be interpreted.
The optical and NIR color maps revealed important diagnostic information and
provide a context in which to interpret the polarization maps, below. Scattered light
is expected to be bluer than the illuminating source due to the inverse relationship
between wavelength and scattering cross-section (Bohren & Huffman 2008). Thus,
color maps of V −R and H−Ks can indicate where light is blue, relative to the
illuminating star, and thereby likely to be dominated by scattered light.
Three mitigating effects can alter the color of the scattered nebular light. The
first is intra-nebular reddening. This is the reddening effect of extinction from dust
between the the star and the scattering surface. The second mitigating effect is
intrerstellar reddening. This is caused by dust between the scattering surfaces and
79
the observer. These nebulae are necessarily located in regions of high concentrations
of dust, thus substantial amounts of intra-nebular and interstellar reddening are to
be expected. The third mitigating factor is the effect of colored emission, such as
“extended-red-emission” (ERE) in the optical (Witt & Schild 1985; Witt & Boroson
1990) or thermal emission in the NIR from hot, small grains (Sellgren et al. 1983;
Sellgren 1984). These extra sources of red light could cause the observed colors of
these reflection nebulae to be reddened.
The Stokes I images and color maps can also be used to help locate PDRs,
which appear in these nebulae as filamentary ERE at optical bands (Witt & Malin
1989; Witt & Boroson 1990) and bright H2 emission at NIR bands (Lemaire et al.
1996).
M78
M78 includes several sub-components, two of which can be seen in the V -band
Stokes I image shown in Figure 3.2. The bright portion of image in the southeast-
ern quadrant is NGC 2068, the primary component of M78. The illuminating star,
HD 38563-N, can be seen just to the south of a dark band of extincting, dusty ma-
terial, which stretches in an arc from the northeast corner to the southwest corner
of the image. The star HD 38563-S, was originally considered to be an additional
illuminating source for this nebula. However, the polarimetric observations of Elvius
& Hall (1966) showed that effectively all the scattered light in this nebula origi-
nated from HD 38563-N alone, even in regions with small projected distance from
HD 38563-S.
The bright patch of light on the northeastern side of the dust band is NGC 2067.
As will be seen from the PA maps in Section 3.5.3, NGC 2067 is also illuminated
by HD 38563-N. This indicates that the photons emanating from NGC 2067 have
traveled behind the arc of extincting dust until they were scattered into the line-of-
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Fig. 3.2: Log-scaled V -band intensity image of M78. The intensity is given in units
of µJy per square arcsecond. The central illuminating star, HD 3856-N, is marked
with a white cross, and the stars HD 38563-S and 2MASS-05464532+0002402 are
marked with red and blue dots each surrounded by white circles, respectively. The
dark band across the middle portion is caused by extinction from dense foreground
dust.
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Fig. 3.3: V −R color map of M78. The mapping of values to colors is arranged so
that bluer colors correspond to bluer light and redder colors correspond to redder
light. Pixels located within stars were masked and are shown in gray. The central
illuminating star, HD 3856-N, is marked with a white cross, and its V −R color is
indicated by a white line in the color lookup bar at the top. The stars HD 38563-S
and 2MASS-05464532+0002402 are marked with red and blue dots and white circles,
respectively. The majority of the scattered light is substantially bluer than the
illuminating star, but the reddening effects of the band of dust can be readily seen.
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Fig. 3.4: Log-scaled H-band intensity image of M78. The intensity is given in units
of µJy per square arcsecond. The central illuminating star, HD 3856-N, is marked
with a white cross, and the stars HD 38563-S and 2MASS-05464532+0002402 are
marked with red and blue dots and surrounding white circles, respectively. Note
that the solid angle where significant NIR light is detected is much smaller than the
solid angle where significant optical light is detected in Figure 3.2.
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Fig. 3.5: H−Ks color map of M78. The mapping of values to colors is arranged
so that bluer colors correspond to bluer light and redder colors correspond to redder
light. Pixels located within stars or with photometric SNR below five in either H- or
Ks-band were masked (shown in gray). The central illuminating star, HD 3856-N, is
marked with a white cross, and the stars HD 38563-S and 2MASS-05464532+0002402
are marked with red and blue dots and white circles, respectively. The color of the
illuminating star is 0.26 mag, which is substantially bluer than all the NIR nebular
light.
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sight by material on the far, northwest side of that arc. Thus, the arc is foreground
to both nebular components.
The V −R color map of M78 is shown in Figure 3.3. The dark band of dust
stretching across the nebula can be seen as a strip of red light. This is due to the
reddening effects of extinction, as the longer wavelength light is less attenuated by
this dust. There are some filamentary white features (V −R ≈ +0.6 mag) located
∼ 3.′5 south-by-southeast of the illuminating star. This is likely caused by ERE,
which often appears in filamentary structure in these reflection nebulae.
The region immediately surrounding the illuminating star, which is marked
with a white cross in Figure 3.3, is extremely blue: a full 0.6 mag bluer in V −R
than the illuminating star. The rest of the reflection nebula is also quite blue, with
V −R ≈ 0.35 mag, which is ∼ 0.35 mag bluer than the illuminating star. The
color of NGC 2067 is bluer than the surrounding, dusty material, but not as blue
an NGC 2068. This could be because the light was reddened by dust between the
illuminator and the scattering surfaces in NGC 2067, or it could have been reddened
by dust along the line-of-sight as the light escapes from the dusty environment of
M78.
The H-band Stokes I image of M78 is shown in Figure 3.4. The appearance
of M78 at NIR wavelengths is significantly different from its appearance at optical
wavelengths. In particular, NGC 2067 is not bright enough to be detected at NIR
wavelengths, so Figure 3.4 only shows NGC 2068. At H-band, the nebula appears
to be bounded on the southeast by the white, filamentary, PDR feature noted in
Figure 3.3. The coincidence of these features in the optical color map and the NIR
intensity image further suggest that this feature is a PDR. The value of Stokes I
falls precipitously on the far side of this feature. Similarly, the nebula extends a
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few arcminutes to the east of the illuminating star and abruptly falls off in intensity
beyond that.
The H−Ks color map was rebinned using 2 × 2 synthetic pixels to boost the
photometric SNR. The rebinned color map is shown in Figure 3.5. Once again, the
region closest to the illuminating star is also the bluest part of the nebula with a
color of H−Ks ≈ 0.6 mag, but this is still ∼ 0.3 mag redder than the illuminating
star, and the rest of the nebula is redder still. This red H−Ks color of M78 was
previously noted by Sellgren et al. (1983); Sellgren (1984) and interpreted as being
due to excess emission from transiently-heated small dust grains. The reddest part
of the nebula is concentrated in a band along the northern end of the NIR-bright
region. The deep red color of this light is likely due to the excess of Ks-band light
transmitted through the dusty arc seen in the V −R color map. The PDR filaments,
located at the southeast end of the color map, also appear slightly redder than the
neighboring regions.
NGC 2023
The V -band Stokes I image is shown in Figure 3.6. Here, it can be seen that the
optically-bright portions of NGC 2023 are more symmetric about the illuminating
star than in M78. There are several filamentary bands of extincting dust located
∼ 2′ to the south and ∼ 2′ to the east of the central illuminator, HD 37903. The
western third of the nebula is also significantly fainter than the rest of the nebula.
The optically-bright portions of NGC 2023 are only barely bluer than the illu-
minating star, as can be seen from the V −R color map of NGC 2023, shown in Fig-
ure 3.7. The nebula is again bluest near the illuminating star with V −R = −0.1 mag
just north of the star. The ERE filaments detected by Witt & Malin (1989) can be
seen in this V −R map. Several of these narrow filaments are located ∼ 1′ to the
south and east of the central star. There are also two prominent, thicker bands of
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Fig. 3.6: Log-scaled V -band intensity image of NGC 2023. The intensity is given
in units of µJy per square arcsecond. The central illuminating star, HD 37903, is
marked with a white cross, and star C is marked with a red dot and white circle.
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Fig. 3.7: V −R color map of NGC 2023. The mapping of values to colors is arranged
so that bluer colors correspond to bluer light and redder colors correspond to redder
light. Pixels located within stars were masked and are shown in gray. The central
illuminating star, HD 37903, is marked with a white cross, and its V −R color is
indicated by a white line in the color bar. The location of star C is marked with a
red dot and white circle. Note that much of the light in the map is approximately
the same color as the illuminating star and some of it is actually redder.
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Fig. 3.8: Log-scaled H-band intensity image of NGC 2023. The intensity is given
in units of µJy per square arcsecond. The central illuminating star, HD 37903, is
marked with a white cross, and star C is marked with a red dot and white circle.
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Fig. 3.9: H−Ks color map of NGC 2023. The mapping of values to colors is
arranged so that bluer colors correspond to bluer light and redder colors correspond
to redder light. Pixels located within stars or with photometric SNR below five in
either H- or Ks-band were masked (shown in gray). The central illuminating star,
HD 37903, is marked with a white cross, and star C is marked with a red dot. All
the NIR nebular light is substantially redder than the illuminating star, which has a
color of H−Ks = 0.137 mag. However, note the bipolar lobes of substantially bluer
light surrounding star C, which has a color of H−Ks = 1.22 mag.
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ERE located to the northwest of the illuminating star and meeting each other at a
nearly 90◦ angle with a vertex ∼ 4′ from the illuminating star.
The fainter, western third of the nebula is generally redder than the rest of the
nebula, and the far western edge of the nebula is redder still. This suggests that
there may be a layer of diffuse foreground dust attenuating and reddening the light
from the western third of the nebula. It is also possible that some of the redder light
at the far western edge of the nebula may be due to the emission associated with the
“Horsehead Nebula,” which is located ∼ 17′ southwest of NGC 2023.
The H-band Stokes I image of NGC 2023 is shown in Figure 3.8. As in the
case of M78, the NIR-bright region of NGC 2023 is substantially smaller than the
optically-bright region. The southeastern half of the nebula extends ∼ 2′ from the
central star and is brighter than the northeastern half, which extends ∼ 4′ from the
central star. The northwestern end of the nebula is bounded by filaments of brighter
emission which correspond to the northwestern ERE filaments noted in the V −R
map. That fact that these ERE filaments appear as emission in H-band suggests
that they may be PDRs (Hollenbach & Tielens 1997).
NGC 2023 is also significantly redder at NIR wavelengths than at optical wave-
lengths. As can be seen in the H−Ks color map, shown in Figure 3.9, the majority
of the light within ∼ 1.′5 of the illuminating star shows an H−Ks color greater than
0.9 mag. This is a full ∼ 0.8 mag redder than the illuminating star, which has an
observed color of H−Ks = 0.137 mag. The filaments in the southeastern half of
the nebula are also red while the broader filaments in the northwestern corner also
transition from relatively blue light just inside the filaments to a redder color along
the filament ridge.
The observations of NGC 2023 by Scarrott et al. (1989) and Sellgren et al.
(1992) suggested that “star C” from Sellgren (1983) might serve as a secondary
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illuminator at NIR wavelengths. This star is obscured by foreground dust at optical
wavelengths, so no optical color can be reported here, but its NIR color is recorded
in the 2MASS catalog as H−Ks = 1.22 mag (Skrutskie et al. 2006). Section 3.5.3
shows that the assessment by Sellgren et al. (1992) was correct and that there is
a small secondary reflection nebula centered on star C. However, the majority of
NGC 2023 is exclusively illuminated by the primary star, HD 37903.
The light surrounding star C in NGC 2023 exhibits a very different set of char-
acteristics. The color of star C is H−Ks = 1.22 mag, but there are two bipolar
lobes to the north and south of star C with colors of ∼ 0.55 mag: a full 0.67 mag
bluer than star C. This suggests that these two lobes are dominated by scattered
light from star C.
NGC 7023
Figure 3.10 shows the V -band Stokes I image of NGC 7023. The optical ap-
pearance of NGC 7023 includes several petal-shaped structures which have given rise
to its colloquial name: the Iris Nebula. These petal-shaped structures have been
interpreted as the result of outflow driven by the bright central star (Fuente et al.
1998) and can be seen bounding the western and eastern ends of the nebula.
The V −R color map shown in Figure 3.11 shows that the interior of the petal
structures is∼ 0.2 mag bluer than the illuminating star while the rims of the petal fea-
tures are approximately the same color as the illuminating star. The most prominent
morphological features, aside from the petal structures, are two east-west oriented
filaments located ∼ 40′′ to the northwest and ∼ 70′′ to the south of the central star.
These filaments trace out the ERE associated with the NW-PDR and S-PDR (Witt
& Boroson 1990).
The H-band Stokes I image is shown in Figure 3.12. The N-PDR and S-PDR
are visible as filamentary features in this image. The non-filamentary NIR light of
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Fig. 3.10: Log-scaled V -band intensity image of NGC 7023. The intensity is given
in units of µJy per square arcsecond. The central illuminating star is marked with
a white cross. Note the petal-shaped structures bounding the western and eastern
ends of the nebula.
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Fig. 3.11: V −R color map of NGC 7023. The mapping of values to colors is
arranged so that bluer colors correspond to bluer light and redder colors correspond
to redder light. Pixels located within stars were masked and are shown in gray. The
central illuminating star, HD 200775, is marked with a white cross, and its V −R
color is indicated by a white line in the color bar. Note that most of the light from
NGC 7023 is substantially bluer than the illuminating star with the exception of
some filamentary structures likely caused by ERE associated with PDRs.
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Fig. 3.12: Log-scaled H-band intensity image of M78. The intensity is given in units
of µJy per square arcsecond. The central illuminating star, HD 200775, is marked
with a white cross. Note that the solid angle where significant NIR light is detected
is much smaller than the solid angle where significant optical light is detected.
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Fig. 3.13: H−Ks color map of M78. The mapping of values to colors is arranged
so that bluer colors correspond to bluer light and redder colors correspond to redder
light. Pixels located within stars or with photometric SNR below five in either H- or
Ks-band were masked (shown in gray). The central illuminating star, HD 200775,
is marked with a white cross, and its H−Ks color is indicated by a white line in the
color bar. Note that most of the light from NGC 7023 is substantially bluer than
the illuminating star, suggesting that scattering is the dominant source of light from
this nebula.
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NGC 7023 appears similar to the other nebulae in many respects, but there is one key
difference. While the H-band Stokes I value rapidly falls off on the exterior side of the
PDR features in M78 and NGC 2023, there is substantial H-band light on the exterior
side of the N-PDR and S-PDR in NGC 7023. As will be seen in Section 3.5.4, this
aspect of NGC 7023 plays a critical role in measuring the polarization characteristics
of scattered NIR light.
The H−Ks color map is shown in Figure 3.13. NGC 7023 is generally quite
blue with a characteristic color of H−Ks ≈ 0.7 mag, which is ∼ 0.3 mag bluer than
the illuminating star. The reddest part of the nebula is the interior of the western
petal structure located to the southwest of the central star at a declination of 68◦ 09′.
This is in contrast to its blue color in the V −R color map (Figure 3.11).
The NW-PDR, which appeared red in the V −R color map can be seen as two
faint, slightly red (white) filaments with H−Ks ≈ 0.85 mag. The color of the nebula
transitions to a deep blue with H−Ks < 0.6 mag due north of the NW-PDR. The S-
PDR can barely be seen in the H−Ks map. This is also in contrast to its appearance
in the V −R color map, where the S-PDR is a thin, deep red filament. Due south of
the S-PDR, the color again transitions to a deep blue with H−Ks < 0.6 mag.
3.5.2 Scattering and the NIR Colors of the Nebulae
Scattered light is expected to be bluer than the illuminating source (Bohren &
Huffman 2008), so the fact that much of the nebular surfaces of M78 and NGC 2023
show H−Ks colors redder than their illuminating stars indicate that these nebulae
truly are dominated by non-scattered light, as originally suggested by Sellgren (1984).
The small region surrounding star C in NGC 2023 exhibits a color blue enough that
the light from that region is likely to be dominated by scattered light.
The H−Ks color of NGC 7023 is significantly bluer than the colors of M78 and
NGC 2023, and it is much bluer than the color of the illuminating star, HD 200775.
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This suggests that NGC 7023 is dominated by scattered light. It is still possible
that the non-scattering processes described by Sellgren (1984) may also be active in
NGC 7023, but it would appear that they constitute a far smaller fraction of the
overall light received from this nebula. This is in contrast to what was originally in-
ferred from the aperture photometry of NGC 7023, which suggested that the H−Ks
color was much redder than what is shown in Figure 3.13.
Regardless of whether scattered light is the dominant source of NIR light in
these nebulae, scattering is expected to be the only source of polarized light in these
nebulae because the sources of non-scattered light emit unpolarized light (Sellgren
1984; Sellgren et al. 1992). Thus, the characteristics of the polarization reveal where
scattering is present. This is analyzed in the following section.
3.5.3 Identifying Scattering-Dominated Regions by PA
In addition to the characteristic blue color of scattered light, the direction of
the PA also serves as an indicator of polarization by single-scattering. Scattered
light is polarized with a PA perpendicular to the plane-of-scattering (van de Hulst
1981). In the case of a single, central illuminator, the PA of light polarized by single-
scattering exhibits a centrosymmetric pattern, where the PA is perpendicular to the
line connecting the central star and the sky-locations of the scattering surfaces (e.g.,
Elvius & Hall 1966). This polarimetric signature provides a straightforward means
of identifying where the polarization is or is not dominated by singly-scattered light.
In this section and the following sections, all stars and processing artifacts were
masked so that the remaining data show only the polarization properties of nebular
(not stellar) light. These masked pixels are visually represented by the color white
in the subsequent figures.
To further cull data to only include nebular light with polarization dominated by
single-scattering, any pixel or synthetic pixel with a PA more than 5σPA from perfect
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centrosymmetry was considered non-centrosymmetric and thus not characteristic of
the scattering-dominated polarization found elsewhere. These non-centrosymmetric
pixels were identified and omitted from further analysis. These newly-culled pixels
are represented in the following images via the semi-opaque, white mask covering
them. These are the first multi-wavelength maps of the resolved polarization across
the luminous extent of these three target nebulae, so for potential future use by
others, the maps of PA are shown for all four of the wavebands observed.
M78
The V - and R-band PA maps of M78 are shown in Figures 3.14 and 3.15, re-
spectively. In both maps, the PA is perpendicular to the line connecting the central,
illuminating star and each sky-location in the nebula. This centrosymmetric PA pat-
tern is a characteristic indicator of scattered light from a single, central, illuminating
source.
The region of dark extinction noted in the Stokes I image (Figure 3.2) is too
faint at V -band to produce any high-confidence polarimetric measurements, even at
the highest AMR rebinning of 8 × 8 pixels. The same region is sufficiently bright
at R-band to yield polarization measurements which meet the minimum SNR re-
quirement of P/σP ≥ 3, but the resulting PA values are more than 5σ from perfect
centrosymmetry, so they were omitted from further analysis.
The H- and Ks-band PA maps of M78 are shown in Figures 3.16 and 3.17,
respectively. The criteria of P/σP ≥ 3 was met across most of the luminous part of
the nebula by rebinning to 32 × 32 synthetic pixels. The centrosymmetric pattern
dominates the observed PAs at both NIR bands. This implies that the source of
polarization in this nebula is single-scattering, even at these longer wavelengths.
There are two stars which appear to provide additional contributions of scat-
tered light in these PA maps: HD 38563-S and 2MASS-05464532+0002402. These
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Fig. 3.14: V -band PA map of M78. The color indicates the PA observed at each
location in the nebula. The central illuminator, HD 38563-N, is marked with a
white cross, and the stars HD 38563-S and 2MASS-05464532+0002402 are marked
with red and blue dots, respectively. Pixels with PA more than 5σ from perfect
centrosymmetry are covered with a semi-opaque, white mask. Note the symmetry in
PA centered on the illuminating star.
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Fig. 3.15: The same as Figure 3.14 but for R-band.
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Fig. 3.16: The same as Figure 3.14 but for H-band. This figure covers a smaller
solid angle than Figure 3.14.
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Fig. 3.17: The same as Figure 3.16 but for Ks-band.
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are marked with red and blue dots, respectively, in Figure 3.14 through 3.17. The
optical PAs to the southeast of both of these stars are slightly perturbed from the
general centrosymmetric pattern in the surrounding pixels. Thus, while the light in
these pixels still appears to be dominated by scattered light from HD 38563-N, there
may be a significant amount of scattered light from these other sources in the pixels
nearest to them.
NGC 2023
The V - and R-band PA maps of NGC 2023 are shown in Figures 3.18 and 3.19,
respectively. Here, again, centrosymmetric PA patterns dominate the majority of
the nebular area.
There is a small zone of pixels near star C which show a slight departure from
the centrosymmetric pattern in the R-band PA map. Scarrott et al. (1989) analyzed
this sub-region of NGC 2023 at I-band (0.81 µm). By subtracting an estimate
of the scattered light from the primary illuminator, they were able to recover a
fairly complete map of a centrosymmetric PA pattern centered on this secondary
illuminating star.
The H- and Ks-band PA maps are shown in Figures 3.20 and 3.21, respectively.
The general PA pattern is again centrosymmetric at H-band but much less so at Ks-
band. The pixels within a ∼ 1.′5 diameter centered on star C are centrosymmetric
about star C rather than HD 37903. Thus, the secondary reflection nebula generated
by star C is the dominant source of polarized NIR light in this region of NGC 2023.
Although the pixels near star C are not dominated by scattered light from HD 37903,
they are still dominated by scattered light. Thus, all pixels within 1.′5 of star C were
left unmasked.
The increasing influence of star C at longer wavelengths may be due to the lower
opacity at those wavelengths, which allows the scattered light from star C to escape
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Fig. 3.18: V -band PA map of M78. The color indicates the PA observed at each
location in the nebula. The central illuminator HD 37903 is marked with a white
cross, and star C is marked with a red dot. Pixels with PA more than 5σ from perfect
centrosymmetry are covered with a semi-opaque, white mask. Note the symmetry in
PA centered on the illuminating star.
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Fig. 3.19: The same as Figure 3.18 but for R-band.
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Fig. 3.20: The same as Figure 3.18 but for H-band. This figure covers a smaller solid
angle than Figure 3.18. Note the region of centrosymmetric PA centered on star C.
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Fig. 3.21: The same as Figure 3.20 but for Ks-band.
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the dusty environment. A second factor may be that star C emits a greater fraction
of its light in the NIR than in the optical (Sellgren 1983), so the secondary reflection
nebulae it produces is also brighter at NIR wavelengths.
NGC 7023
The V - and R-band PA maps of NGC 7023 are shown in Figures 3.22 and 3.23.
The centrosymmetric PA pattern with P/σP ≥ 3 dominates across the luminous
extent of this nebula.
There are some slight perturbations in the general centrosymmetry which ap-
pear to trace out some of the structure revealed by the optical Stokes I image
(Figures 3.10). Thus, it appears that the geometry of scattering material plays a
significant, but non-dominant, role in producing the observed PA.
The H- and Ks-band PA maps of NGC 7023 are shown in Figures 3.24 and
3.25, respectively. The NIR polarization signal in this nebula is strong enough that
the minimum requirement of P/σP ≥ 3 was met with much less rebinning than was
required for M78 and NGC 2023. The northwest quadrant of the nebula is the largest
contiguous region of centrosymmetric polarization, extending to a distance of ∼ 3′
from HD 200775. There is another, smaller region of centrosymmetric polarization in
the southwest quadrant of this nebula. These two concentrated regions of centrosym-
metric PAs span the NW-PDR and S-PDR and trace out the densest concentrations
of dusty, molecular gas, as revealed by 12CO observations of the nebula (Yuan et al.
2013).
109
0 20 40 60 80 100 120 140 160 180
PAV [°]
21h02m 01m
68°14'
12'
10'
08'
06'
RA [J2000]
De
c 
[J2
00
0]
Fig. 3.22: V -band PA map of NGC 7023. The color indicates the PA observed at each
location in the nebula. The central illuminator, HD 200775, is marked with a white
cross. Pixels with PA more than 5σ from perfect centrosymmetry are covered with
a semi-opaque, white mask. Note the symmetry in PA centered on the illuminating
star.
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Fig. 3.23: The same as Figure 3.22 but for R-band.
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Fig. 3.24: The same as Figure 3.22 but for H-band. This figure covers a smaller
solid angle than Figure 3.22. Note the centrosymmetric PA detected with high SNR
and angular resolution in this nebula.
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Fig. 3.25: The same as Figure 3.24 but for Ks-band.
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3.5.4 Polarization P of Scattering-Dominated Regions
What are the values of P in the regions of the target nebulae dominated by
single-scattering, as identified in the previous section? Do changes in the values of
P correspond with the physical structures revealed in the Stokes I images and color
maps presented in Section 3.5.1? These questions were addressed by examination of
P maps for the observed nebulae. Again, these are the first multi-wavelength maps
of the resolved polarization across the luminous extent of these three target nebulae,
and they could prove useful to future studies, so the maps of P are shown for all four
wavebands.
M78
The V - and R-band P maps of M78 are shown in Figures 3.26 and 3.27, respec-
tively. The structures of the P maps are similar in both V - and R-bands, but the
average value of P is slightly higher in R-band than it is in V -band.
There is a gradient in P , from low values of a few percent near the illuminating
star HD 38563-N to P > 20% in the outer part of the nebula. This gradient is
steeper in the northern direction than it is in the southern direction. This can be
seeen from the fact that NGC 2067, located ∼ 3′ to the northwest of HD 38563-N,
shows P ≈ 20% while the pixels located ∼ 3′ to the southwest of HD 38563-N show
P ≈ 15%. However, the P values immediately north of the illuminating star are
obscured by the foreground band of dust, so it is not clear if there is a gradual
increase in the value of P across this region.
This difference in gradient strength could be explained by geometry alone. The
predictions made by White (1979b) for a front-illuminated, inclined slab included a
sharper increase in P on the Earthward side of the slab. Thus, if scattering material
in M78 were modeled as a flat slab of dust, the northern side of the slab would be
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Fig. 3.26: V -band P map of M78. The color indicates the P observed at each
location in the nebula. The central illuminator, HD 38563-N, is marked with a white
cross, and the stars HD 38563-S and 2MASS-05464532+0002402 are marked with
red and blue dots, respectively. Pixels with PA (shown in Figure 3.14) more than 5σ
from perfect centrosymmetry are covered with a semi-opaque, white mask.
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Fig. 3.27: The same as Figure 3.26 but for R-band.
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Fig. 3.28: The same as Figure 3.26 but for H-band. This figure covers a smaller
solid angle than Figure 3.26. Note the much lower value of P at this waveband.
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Fig. 3.29: The same as Figure 3.36 but for Ks-band.
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inclined toward Earth while the southern side of the slab would be inclined away
from Earth.
The H- and Ks-band P maps of M78 are shown in Figures 3.28 and 3.29,
respectively. These reveal substantially lower P in both NIR bands. In the H-
band map, there is a concentration of higher values of P located due north of the
star 2MASS-05464532+0002402. There is a slight increase in the V - and R-band
values of P at this same location (Figures 3.26 and 3.27). Given this increase in
P and the slight perturbation of the PA in the surrounding pixels seen in the V -
and R-band PA maps (Figures 3.14 and 3.15), there is substantial evidence that
2MASS-05464532+0002402 serves as a secondary illuminator within the surrounding
∼ 1′.
NGC 2023
The V - and R-band P maps of NGC 2023 are shown in Figures 3.30 and 3.31,
respectively. This nebula shows a similar upward gradient from low values of P ≈ 2%
near the illuminating star, HD 37903, rising to P ≈ 20% in the outer part of the
nebula. In general, P at R-band is greater than P at V -band across the entire nebula.
The northern half of the nebula shows generally higher values of P , with a max-
imal value of P ≈ 35%, than the southern half of the nebula. Again following White
(1979b) and treating NGC 2023 as a front-illuminated slab of dust, the difference
between the northern and southern halves of the nebula suggest that NGC 2023 is
sloped, with its near side to the north and its far side to the south.
The H- and Ks-band P maps of NGC 2023 are shown in Figures 3.32 and 3.33,
respectively. As in the case of M78, above, the value of P at these NIR bands is
significantly lower than at the optical bands, with characteristic values of ∼ 1% near
the central star rising to ∼ 15% in the periphery of the primary nebula.
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Fig. 3.30: V -band P map of NGC 2023. The color indicates the P observed at each
location in the nebula. The central illuminator, HD 37903, is marked with a white
cross, and star C is marked with a red circle. Pixels with PA (shown in Figure 3.18)
more than 5σ from perfect centrosymmetry are covered with a semi-opaque, white
mask.
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Fig. 3.31: The same as Figure 3.30 but for R-band.
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Fig. 3.32: The same as Figure 3.30 but for H-band. This figure covers a smaller
solid angle than Figure 3.30. Note the much lower value of P at this waveband and
the concentration of very high P surrounding star C.
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Fig. 3.33: The same as Figure 3.32 but for Ks-band.
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The secondary nebula produced by star C to the southwest of HD 37903 shows
much higher values, with P & 35%. It is not immediately clear why the NIR P is so
high in the secondary nebula illuminated by star C yet so low in the primary nebula
illuminated by HD 37903. Sellgren et al. (1992) hypothesized that some of their
aperture polarimetry measurements were influenced by scattered light from star C
on the basis of the departure of the observed PA from the expected centrosymmetric
value. They proposed that the rising influence of star C at longer wavelengths was
due to the fact that the flux from star C peaks at NIR wavelengths (Sellgren 1983).
However, their aperture measurements did not resolve the substantially higher P
seen here. This higher P cannot be explained by the fact that star C is brighter
at NIR wavelengths, as the pixels close to HD 37903, which are dominated by light
from the brighter primary illuminator, do not exhibit similarly high values of P in
the NIR. The question of what is causing the high NIR P in the secondary reflection
nebula will be revisited in Section 3.6.2.
NGC 7023
The V - and R-band P maps of NGC 7023 are shown in Figures 3.34 and 3.35,
respectively. The highest values of P are located farthest from the illuminating star,
HD 200775. However, within the central region, there are bands of higher P that
trace out the edges of the petal features seen in the Stokes I images (e.g., Figure 3.10).
This provides additional evidence that the bright rims of the petal features represent
surfaces of strong scattering within the nebula.
The interior of the petal structures show low levels of P , with P ≈ 5%. These
regions are dark in the Stokes I images: there simply does not appear to be much
scattered light from those locations. However, outside the petal features, P rises to
values in excess of 35% in every direction except the northwest quadrant, where P
remains relatively low at a value of ∼ 5%.
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Fig. 3.34: V -band P map of NGC 7023. The color indicates the P observed at
each location in the nebula. The central illuminator, HD 200775, is marked with
a white cross. Pixels with PA (shown in Figure 3.22) more than 5σ from perfect
centrosymmetry are covered with a semi-opaque, white mask. Note that the high
values of P roughly trace the outline of the petal-shaped features noted in the optical
Stokes I images, above.
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Fig. 3.35: The same as Figure 3.34 but for R-band.
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Fig. 3.36: The same as Figure 3.34 but for H-band with some additional information
added. This figure covers a smaller solid angle than Figure 3.34. The apertures used
by Sellgren et al. (1992) are marked within the figure and colored to indicate the
value of P observed by Sellgren et al. at H-band. Apertures with no reported data
at this waveband are colored white.
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Fig. 3.37: The same as Figure 3.36 but for Ks-band.
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The H- and Ks-band P maps of NGC 7023 are shown in Figures 3.36 and 3.37,
respectively. These maps reveal significantly different characteristics than the NIR P
maps of M78 and NGC 2023. In M78, the NIR values of P were only a few percent.
The same was true of NGC 2023, with the exception of a small region around the
secondary illuminator, star C. In NGC 7023, the region closest to the illuminating
star, HD 200775, also shows moderate values of P ≈ 10%. However, there is a
sharp transition in the value of P at the approximate locations of the NW-PDR
and S-PDR. On the exterior side of the PDRs, P abruptly rises to values of ∼ 30%
and continues to rise to P & 35% at even greater distances from the central star.
A similar phenomenon occurs at the S-PDR, with a slightly less abrupt transition
across the PDR boundary.
The NIR results obtained in the present study were compared to the results of
Sellgren et al. (1992) by computing the average Stokes Q and U values within the
apertures used by Sellgren et al. and computing P from those average values. These
average P values are recorded in Table 3.2. All of the Sellgren et al. (1992) apertures
in NGC 7023 are located in the interior region, between S-PDR and NW-PDR, where
the NIR P is low. Thus, if Sellgren et al. (1992) had placed their apertures at slightly
different positions and had noted the very high values of P found here to be present
northeast and southeast, their conclusion that the low NIR values of P were solely
due to dilution by unpolarized, thermal emission might have been quite different.
The values of P reported in Table 3.2 indicate that Sellgren et al. (1992) and this
study disagree by several standard deviations for some of the apertures. However, the
colors of the aperture symbols in NIR P maps indicate that the two studies measure
approximately the same levels of P in the interior region of the nebula (including a
slight increase in the H-band P immediately to the northeast of the central star).
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Fig. 3.38: A comparison of the NIR P from Sellgren et al. and this study. The
horizontal axis indicates the value of P taken from Sellgren et al. (1992) and the
vertical axis indicates the value of P obtained in this study for the corresponding
aperture. The colors of the error-bars indicate the waveband as shown in the legend
at the top left. A dotted diagonal line indicates the locus of perfect agreement
between the two data. The location of the data relative to this line suggest that the
Sellgren et al. (1992) values are systematically high.
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Table 3.2. Comparison of P measured within the Sellgren et al. Apertures
Position a Sellgren et al. This Study
PH PKs PH PKs
70′′S . . . . . . 11.1 ±1.3 7.1 ± 1.2 8.9± 0.6 5.1 ± 0.8
35′′S . . . . . . 7.5± 3.3 · · · 1.2± 0.3 2.5 ± 0.3
30′′W, 20′′N 10.8± 0.6 4.4 ± 0.5 10.7± 0.1 5.0 ± 0.1
30′′N . . . . . . 7.4± 7.4 4.6 ± 0.4 5.8± 0.1 2.4 ± 0.1
60′′N . . . . . . · · · 13.1 ± 4.5 14.0± 0.3 9.1 ± 0.4
70′′N . . . . . . 17.8± 3.6 · · · 16.9± 0.5 12.9 ± 0.7
a Measured relative to the central illuminator, HD 200775
Figure 3.38 shows a comparison between the values presented in Sellgren et al.
(1992) and the values obtained in this study. There is a strong linear correlation
between these two data sets, indicating agreement between Sellgren et al. (1992)
and this study. There is, however, a systematic offset from perfect agreement which
indicates that either the Sellgren et al. (1992) values are systematically high or the
values from this study are systematically low. The Sellgren et al. (1992) P values were
not corrected for the positive bias discussed in Section 3.4.4 (private communication,
Sellgren, 2017), so it is likely that they are systematically high.
The general agreement between Sellgren et al. (1992) and this study serves to
highlight the value of imaging polarimetry. Aperture polarimetry provides accurate
results, but it fails to provide the context for interpreting those results, and it does not
resolve the variation in P across the surface of the object. Both of these shortcomings
are resolved by the imaging polarimetry presented here.
3.5.5 NGC 7023: The Prime Laboratory
The three observed nebulae only show significant Stokes I at NIR wavelengths
within a few arcmin (∼ 1/3 pc) of their central illuminators. This is in contrast to
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what is seen at optical wavelengths, where significant nebular light can be detected
up to ∼ 10′ (∼ 1 pc) from the central star with high values of P and centrosymmetric
PAs, confirming the scattering origin of the detected light at these far distances from
the central illuminator.
Within the smaller regions where significant NIR light is detected, M78 and
NGC 2023 both exhibit relatively low P values of a few percent. NGC 7023 exhibits
relatively low values of P within the central region, close to the illuminating star,
but there are zones of higher P located at the NIR-traced periphery of the nebula.
These high values of P and the blue color of NGC 7023, relative to its illuminating
star, indicate that, of the three observed nebulae, only NGC 7023 is truly dominated
by scattered light in the NIR.
The division between low and high NIR P values in NGC 7023 and the sharp
transition from low to high P over just a few arcseconds suggest that polarization in
NGC 7023 is revealing two distinct environments. The nature of these two environ-
ments is discussed in the following sections.
Differences Between the Optical and NIR P in NGC 7023
Maps of the V - and H-band P were generated for an identically-sized central
region of NGC 7023 to facilitate comparison of the optical and NIR P values in this
nebula. The spatially-matched V - and H-band P maps are shown in Figure 3.39.
There, the NW-PDR and S-PDR, as revealed by the V −R color andH-band intensity
(see Section 3.2.1), are traced in gray and contours. In Figure 3.39, it can be seen
that the optical and NIR P exhibit significantly different properties. The NIR P
rises from P ≈ 12% on the interior side of the NW-PDR to P & 35% on the exterior
side of the NW-PDR. Similarly, the region interior to the S-PDR shows low levels of
NIR polarization with P ≈ 5% while the region exterior to the S-PDR shows high
NIR polarization with 20% < P < 30%. The optical P across the same region does
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Fig. 3.39: Comparison of V - and H-band P maps of central region of NGC 7023.
The central illuminator, HD 200775, is marked with a white and black cross. The
gray and white contours trace the photometric signatures of the PDRs. The contours
in the upper, V -band map indicate V −R = 0.35, 0.40, and 0.45 mag. The contours
in the lower, H-band map indicate IH = 50 and 65 µJy arcsec
−2 for the southern
PDR and IH = 110 and 140 µJy arcsec
−2 for the northwestern PDR. The three black
rectangles indicate the regions used to produce the P , Stokes I, and PI profiles
in Figure 3.40, below. The blue line indicates the boundary used to divide the
northwestern region of the nebula into eastern and western halves. The region east
of the blue line corresponds to NW-PDR (east) and the region west of the blue line
corresponds to NW-PDR (west).
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not exhibit the transition from low to high P seen in the NIR. Instead, it exhibits
relatively high polarization with P ≈ 20% on both sides of the PDRs.
The high NIR P value observed on the exterior side of the NW-PDR is relatively
uniform across this region of nebula, but the optical value of P is not uniform across
this same region. The western half of this quadrant exhibits optical P values of only a
few percent while the eastern half exhibits much higher P values of ∼ 20%. The blue
line shown in Figure 3.39 approximately delineates the boundary between the low and
high optical P values in the northwest quadrant of NGC 7023. For convenience, the
regions on either side of this blue line are termed “NW-PDR (east)” and “NW-PDR
(west)” through the rest of this analysis.
Bifurcation of NIR P in NGC 7023
What causes the observed bifurcation of the NIR P values across the NW-PDR
and S-PDR in NGC 7023? One possibility is that there is an excess of unpolarized,
diluting NIR emission that reduces the values of P within the central region of the
nebula. The presence of NIR continuum emission above what would be expected
for a pure scattering scenario was first detected by Sellgren et al. (1983). This NIR
continuum emission was invoked by Sellgren et al. (1992) to explain the low values
of P observed within the central region of NGC 7023 at NIR wavelengths. If this
hypothesis is correct, then there should be a sharp decrease in the NIR Stokes I value
associated with the sharp increase in NIR P value as the unpolarized emission drops
off, leaving only scattered light coming from the exterior side of the PDRs.
An alternative possibility is that the scattering dust within the central region
of the nebula has properties distinct from those of the scattering material in the
exterior regions of the nebula. Indeed, the MIR spectroscopic studies of NGC 7023
by Rapacioli et al. (2005) and Berne´ et al. (2007) revealed that VSGs are present on
the exterior side of the NW-PDR but absent in the region interior to the NW-PDR,
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where the intense UV radiation appears to have converted the VSGs into smaller
PAH and PAH+ particles. Thus, there is some spectroscopic evidence that the dust
populations on either side of the PDR are distinctly different.
This scenario would leave a signature detectable in the PI quantity, which is
immune to any diluting effects from unpolarized emission because the reduction in
P due to excess unpolarized emission is balanced by the increase in Stokes I due to
the same excess unpolarized emission. Thus, PI is useful for approximately tracking
the amount of scattered light from a particular region of the nebula. If the transition
from low to high NIR P is caused by changes in the properties of the scattering
dust grains, then PI should be relatively low in the interior region and relatively
high in the exterior region, where the surviving dust appears to be more effective at
scattering and/or polarizing NIR light.
These hypotheses were tested by computing profiles of P , I, and PI along
the three regions indicated by the black rectangles in Figure 3.39. These profiles
span the transition from low to high NIR values of P in the NW-PDR (east), NW-
PDR (west), and S-PDR regions in NGC 7023. The rectangular regions were chosen
to cross the PDRs at an approximately 90◦ angle while keeping the long axis of
the rectangle approximately parallel to a radial vector from the central star. This
orientation for the selected regions causes an increase in offset along the long axis
to roughly correspond to increase in radial offset from the illuminating star. The
profiles were produced by computing binned average Stokes I, Q, and U values in 2′′
wide bins spanning the length the selected region. The average quantities and their
uncertainties were used to produce estimates of P , I, and PI at each point along the
profile.
The profiles across the three selected regions are shown in Figure 3.40 with the
top and bottom rows showing the H- and V -band profiles, respectively. The left
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Fig. 3.40: Profiles of P , I, and PI across the PDRs of NGC 7023. The left, central,
and right columns of panels show the profiles across NW-PDR (east), NW-PDR
(west), and S-PDR regions, respectively. The top row of panels shows the H-band
profiles and the bottom row of panels shows the V -band profiles. The gray, shaded
regions indicate the approximate range of positions across which P transitions from
low to high values. The red, blue, and green colors represent P , I, and 4 × PI,
respectively. The solid lines indicate the average value at a given offset from the
peak of the PDR emission, and the colored, shaded regions surrounding the solid
lines indicate the ±3σ uncertainties in the mean values at the associated offsets. The
horizontal axis indicates the offset from the peak of the PDR emission as visually
identified in the H-band Stokes I image.
column of panels shows the profiles across the NW-PDR (east) region. The increase
in the average Stokes I caused by H2 emission at the location of the PDR in this
region is barely present, but the transition from low (∼ 10%) to high (∼ 25%) NIR
P values is readily seen and occurs at the approximate location of the PDR. The
value of P at H-band rises from ∼ 10% on the interior side of the PDR to ∼ 30% on
the exterior side while the value of P at V -band gradually falls from ∼ 22% on the
interior side of the PDR to ∼ 15% on the exterior side of the PDR.
The central column of panels shows the profiles across the NW-PDR (west)
region. The increase in the Stokes I associated with PDR emission is visible as a
sharp peak in the H-band profile. The H-band P profile shows an increase from
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P ≈ 12% on the interior side of the PDR to P & 25% on the exterior side of the
PDR. Furthermore, P reaches a pleateau value of ∼ 25% approximately 2′′ to the
northwest of the peak in the NW-PDR emission. The value of Stokes I at this
location is greater than Stokes I at ∼ 4′′ to the southwest, where P is at a low value
of ∼ 12%. Thus, the increase in P cannot be attributed to a decrease in Stokes I and
the low P values in the interior region cannot be adequately explained by dilution
from excess unpolarized emission.
The profiles across the S-PDR region are shown in the right column of panels in
Figure 3.40. The H-band P in the southern region also rises across the S-PDR from
a low value of ∼ 5% on the interior side to a high value of ∼ 20% on the exterior
side. The optical value of P does not precipitously fall off in the southern region as
it does in the NW-PDR (west) region. Instead, it gradually falls from P ≈ 25% near
the PDR to P ≈ 20% farther from the PDR.
The hypothesis that the low values of NIR P observed in the interior region of
NGC 7023 are solely due to dilution from unpolarized NIR emission, as suggested
by Sellgren et al. (1992), cannot account for the data presented here. The value of
Stokes I does not sharply fall where the NIR P transitions from low to high values,
as would be expected if this transition were due to the diluting effects of such excess,
unpolarized NIR emission. In fact, the NIR Stokes I value generally increases at
the same location where P rises, which is precisely the opposite of what would be
expected if excess NIR emission were responsible for the low values of NIR P observed
in the interior region of NGC 7023.
Instead, the dust grain destruction hypothesis described above can adequately
account for the polarization properties seen in Figure 3.40. The fact that P transi-
tions from small to large values over a span of a few arcseconds and that transition
occurs at the precise locations of the NW-PDR and S-PDR suggest that the change
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in the value of P is closely associated with the transition in photo-chemistry and
grain processing which occurs across the PDRs. This observational feature should
be reproducible via radiative transfer models of PDRs (e.g., Ro¨llig et al. 2007, 2013).
The PI profiles further substantiate the grain destruction hypothesis. The V -
band PI profiles closely follow the general shape of the Stokes I profile (with the
exception of the steeper drop in PI on the exterior side of the NW-PDR (west)
region). This is precisely what would be expected for the case where Stokes I is
dominated by scattered light and there is little change in the scattering process
across the selected regions. The NIR PI profiles generally transition from low values
on the interior side of the PDR to higher values on the exterior side of the PDR
(again with an exception of the NW-PDR (west) region, where PI sharply peaks
within the PDR but plateaus at P ≈ 12% on both sides of the PDR).
The PI quantity is immune to the diluting effects of unpolarized emission. Thus,
This general pattern of an increase in PI from the interior regions to the exterior
regions indicates that the bifurcation of P values is due to changes in the scattering
process rather than changes in the unpolarized NIR emission.
The low value of P found in the interior regions of the nebula suggests that
the dust in this region is either inefficient at scattering NIR light, or it scatters NIR
light but does not efficiently polarize the scattered light. In either case, the simplest
explanation of the observations is that the scattering properties of the dust interior
to the PDRs are distinct from the scattering properties of the dust exterior to the
PDRs.
This provides additional, confirmatory insight into the hints of distinct dust
properties detected by Berne´ et al. (2007), who found signatures of grain size differ-
ences on either side of the NW-PDR. The polarimetric measurements reveal that the
scattering properties of these grain populations are also distinct. From this, there
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emerges a general description of a dust population processed by intense UV radiation
on the interior side the PDRs and cold, unprocessed dust on the exterior side of the
PDRs, each with distinctly different NIR polarization properties but less different
optical polarization properties.
The Low Optical P in the NW-PDR (west) Region
The optical P values on the exterior side of the PDR in the NW-PDR (west)
region are significantly lower than the optical P values in the NW-PDR (east) and
S-PDR regions. Examining this anomaly may yield some insight into the properties
of the dusty scattering material in this nebula.
Although the P value is very low in the NW-PDR (west) region, the optical
Stokes I profile follows a rate of decrease similar to what is seen in the NIR Stokes I
profile, yet the NIR P increases across the same region. Thus, the difference in P
between the optical and NIR is not due to a lack of optical light.
Given the high column density of CO observed toward this region of the nebula
(Yuan et al. 2013), it is likely that the low values of P observed at optical wavebands
are caused by substantial quantities of dust distributed along the line-of-sight to the
NW-PDR (west) region. In this case, the foreground nebular dust absorbs most of
the scattered optical light before it can escape the nebula while the longer wavelength
scattered NIR light more easily escapes, as the dust extinction cross-section at H-
band is approximately one-fifth the extinction cross-section at V -band (e.g., Cardelli
et al. 1989).
A schematic of a possible distribution of the dust in the northwest region of
NGC 7023 is shown in Figure 3.41. Dust is strongly forward-scattering at optical
wavelengths (Draine 2003), and light scattered at shallow angles is expected to exhibit
low values of P (Zubko & Laor 2000). Thus, a large amount of nebular dust located
on the Earthward side of the nebula would scatter more light toward Earth (high
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Fig. 3.41: Schematic of proposed dust distribution in NW-PDR (east) region of
NGC 7023. The grayscale background represents the dusty ISM on the exterior side
of the NW-PDR with darker colors representing a denser concentration of dust. The
blue and red sinusoidal-rays represent the optical and NIR light, respectively. Under
the envisioned scenario, dust would absorb the highly polarized optical light scat-
tered at ∼ 90◦ while the NIR scattered light would be transmitted. The foreground
component of the dust distribution would scatter optical light with high intensity
but low P .
Stokes I) at shallow angles (low P ). For example, the model produced by Zubko &
Laor (2000) suggests that a beam of optical light scattered at about 10◦ would have
a substantial Stokes I value but a P value on the order of a few percent. This is
what is seen in the V -band profiles in the NW-PDR shown in the bottom, center
panel of Figure 3.40.
This arangement of dusty material may also account for the similar levels of H-
band PI on the interior and exterior sides of the PDR in the NW-PDR (west) region.
Although the copious amounts of dust may provide ample scattering material for the
NIR light, it may also marginally decrease the amount of scattered NIR light able to
escape, thus reducing PI in the exterior side of the NW-PDR (west) region relative
to PI in the NW-PDR (east) region. Regardless of the exact cause, the optical light
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from the NW-PDR (west) region exterior to the PDR is not being scattered in such
a way as to reveal or encode the Pscat values commonly produced by dust in the ISM.
More typical Pscat zones show much higher values of P , as are found elsewhere within
the same nebula at both observed optical bands.
Selecting Sub-regions Within which to Study Pscat(λ)
The NIR P maps shown above indicate that the scattering physics of NIR light
is cleanly divided into two modes: high NIR P scattering and low NIR P scattering.
These depend on environmental factors. This is seen in both the secondary reflection
nebula of NGC 2023, which exhibits significantly higher NIR P than the rest of
NGC 2023, and the bifurcation of NIR P values in NGC 7023 with low P interior to
the PDRs and high P exterior to the PDRs.
The analysis presented above suggests that the high and low NIR P modes are
best understood as being caused by two distinct dust grain populations. The low NIR
P mode is found where there is intense UV radiation, which processes dust grains by
destroying the VSG component of the dust population (Berne´ et al. 2007). The high
levels of UV radiation in these environments suggests that the dust in these regions
of the nebulae are more representative of the hot, diffuse ISM. The high NIR P mode
is found farther from the illuminating UV source, where there is an excess of cool,
dense, molecular ISM. There, the VSGs are not destroyed, and the dust population
is well represented by the dust in the cold ISM (Berne´ et al. 2007).
Given this bimodality in the NIR P , it is more accurate to produce two Pscat(λ)
curves: one curve for the UV-processed dust, represented by the low NIR P values
observed in the interior regions of the nebula, and one curve for the unprocessed
dust, represented by the high NIR P values observed in the exterior regions of the
nebula.
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To ensure that the estimated Pscat(λ) curves were generated using observations
of the same dust population, only NGC 7023 nebular fields were used, since only
that nebula contains clear examples of both NIR P modes. M78 does not show any
indication of the high P mode, so it cannot be used to sample both NIR P modes.
NGC 2023 exhibits a small zone of the high NIR P mode, but that zone is illuminated
by a different star than is illuminating the region exhibiting the low P mode. Thus,
NGC 2023 should not be used to produce an estimate of Pscat(λ).
Even within NGC 7023, the NW-PDR (west) region of the nebula exhibits the
high NIR P mode but uncharacteristically low optical P . Thus, only the NGC 7023
NW-PDR (east) and the S-PDR regions were used to evaluate the wavelength depen-
dence of Pscat within the unprocessed dust by selecting the potions of those regions
exterior to the PDRs. The entire region between the NW-PDR and S-PDR was used
to study the wavelength dependence of Pscat within the UV-processed dust.
3.5.6 The Pscat(λ) Curves
The data presented above include many measurements of Pscat for each wave-
band. This well-constrains the value Pscat at each of these wavelengths, but the value
of Pscat at intermediate wavelengths between R- and H-band is not well constrained.
Thus, an interpolation procedure was used to estimate the wavelength variation of
Pscat between R- and H-band. The interpolated Pscat(λ) curves for both the UV-
processed and unprocessed dust were generated using the same procedure, with the
only difference being the image regions from which the data were drawn.
Before generating a set of interpolated Pscat(λ) curves, it was necessary to choose
the ordinate and abscissa quantities to use for the curves. In this case, log10(P ) was
used as the ordinate value and log10(1/λ) was used as the abscissa value. Using
inverse wavelength, 1/λ, is useful because the size parameter x ≡ 2pia/λ is used to
model scattering properties (Bohren & Huffman 2008), and it scales as 1/λ for a given
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grain size, a. Additionally, the Serkowski law (Equation 3.1) can be expressed as a
concave downward parabola in terms of these abscissa and ordinate quantities. Thus,
simple polynomial shapes can accurately capture naturally-occurring variations in
P (λ) when using log10(P ) as the ordinate and log10(1/λ) as the abscissa.
Three separate interpolating functions were defined to estimate the Pscat(λ)
curves across the observed wavelength ranges: an fKs−H function to interpolate
between Ks- and H-band; an fH−R function to interpolate between H- and R-band;
and an fR−V function to interpolate between R- and V -band. The fKs−H and fR−V
functions were defined by the following boundary conditions:
fKs−H(λKs) = log10(PKs)
fKs−H(λH) = log10(PH),
(3.13)
and
fR−V (λR) = log10(PR)
fR−V (λV ) = log10(PV )
(3.14)
The lowest order polynomial which satisfies these boundary conditions is a straight
line. Thus, a straight line was used to interpolate between the observed values of
log10(P ) at each of the boundary wavelengths.
The fH−R interpolating function was defined to incorporate the additional in-
formation provided by the slope in log10(P ) across the Ks- to H-band and R- to
V -band wavelength ranges. These changes were estimated as the average quantities
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δ log10(PH) = 〈log10(PH)− log10(PKs)〉
log10(1/λR)− log10(1/λH)
log10(1/λH)− log10(1/λKs)
and
δ log10(PR) = 〈log10(PV )− log10(PR)〉
log10(1/λR)− log10(1/λH)
log10(1/λV )− log10(1/λR)
.
(3.15)
To simplify the expression of fH−R, an interpolation parameter was defined as
t(1/λ) ≡ log10(1/λ)− log10(1/λH)
log10(1/λR)− log10(1/λH)
. (3.16)
This parameter runs from zero at λH to unity at λR. Using this parameter, the
interpolating function, fH−R, was constructed using a third-order polynomial, which
is the lowest order polynomial which satisfies these boundary conditions at t = 0 and
t = 1:
fH−R(t = 0) = log10(PH) (3.17)
fH−R(t = 1) = log10(PR) (3.18)
dfH−R
dt
(t = 0) = δ log10(PH) (3.19)
dfH−R
dt
(t = 1) = δ log10(PR) (3.20)
This yields the following function:
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fH−R(t) = a t3 + b t2 + c t+ d; where
a = 2
(− log10(PR) + log10(PH))+ δ log10(PR) + δ log10(PH);
b = 3
(
log10(PR)− log10(PH)
)− δ log10(PR)− 2δ log10(PH);
c = δ log10(PH); and
d = log10(PH),
(3.21)
where δ log10(PH) and δ log10(PR) are the average scalar values given by Equation 3.15
while log10(PH) and log10(PR) are the individual values measured within the selected
regions of NGC 7023.
A set of high SNR, spatially-matched P measurements for all four observed
wavebands was produced by applying the Ks-band AMR binning to the Stokes Q
and U images for all three remaining wavebends. The Ks-band data had the lowest
SNR of the four observed wavebands, so using the AMR binning which produced
P/σP ≥ 3 at Ks-band guaranteed that the binned data would have P/σP ≥ 3 at the
other bands.
Each of these spatially-matched P measurements carried an associated uncer-
tainty from the propagated Stokes Q and U uncertainties. The effects of these un-
certainties were accounted for in the interpolation procedure via draws from Monte
Carlo (MC) samples for each individual P measurement using a Gaussian distribu-
tion with a mean equal to the individual P value and a standard deviation equal to
the uncertainty in the P value. The number of MC samples produced for each indi-
vidual P value was set proportional to the area of the AMR binning (in pixels) used
to produce that P value. This ensured that the resulting set of interpolated Pscat(λ)
curves weighted each input P value in proportion to the relative area associated with
that individual measurement.
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In the figures which follow, the distribution of MC samples of P were visually
represented by a pair of green-filled “violin plots” bounding each end of the three
sections of the wavelength range. These violin plots are interpreted in the following
way. Each violin plot is associated with a particular wavelength. A vertical line at
that wavelength forms the base of the violin plot. The linear, horizontal offset of the
violin plot curve from the violin plot base is linearly proportional to the number of
MC samples at the associated P value on the vertical axis as determined by a kernel
density estimation technique (Rosenblatt 1956; Parzen 1962). A single set of H-band
and R-band MC samples were used, so the two-sided violin plots at H- and R-band
were created from the symmetric reflection of one distribution about the vertical line
at those wavelengths.
The MC samples of the matched P values were substituted into the interpolat-
ing functions to produce the set of interpolated Pscat curves. Each of these curves
represents the expected variation in Pscat as a function of wavelength, based on the
individual, spatially-matched waveband measurements. For convenience, the plot of
the full set of curves is termed a “spaghetti plot,” in reference to the appearance of
the many curves.
The full set of interpolated curves was also used to estimate the range of Pscat val-
ues expected to be observed at any given wavelength, λ. This was done by computing
the percentiles of the distribution of interpolated Pscat values at each λ corresponding
to the −2σ, −1σ, median, +1σ, and +2σ probabilities, respectively, of a Gaussian
distribution. Thus, the set of percentile values traces out the median and asymmetric
shape of the distribution of expected Pscat values as a function of wavelength. For
convenience, these traces are termed a “confidence interval” plot.
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Pscat(λ) for the UV-processed Dust
The procedure described in the previous section was applied to the data har-
vested from the regions interior to the PDRs in NGC 7023 to produce estimates of the
wavelength variation of Pscat for light scattered by the hot, diffuse ISM. The results
of this procedure are shown in Figure 3.42. The top panel of this Figure shows the
violin plots, which represent the distribution of MC samples of the observed P val-
ues at each wavelength, and the spaghetti plot of the interpolated Pscat curves. The
high levels of polarization SNR in the interior region, where the UV-processed dust
is located, provides a tightly-constrained measure of P at each wavelength. This
produced relatively narrow distributions of P values drawn from the MC samples
(shown in the violin plots), and a tightly constrained estimate of the wavelength
variation of Pscat in the UV-processed dust.
The bottom panel of Figure 3.42 shows the median, ±1σ, and ±2σ percentiles
evaluated as a function of wavelength. The blue region in the bottom panel indicates
the range of Pscat values predicted by Zubko & Laor (2000) for scattering angles
between 60◦ and 120◦. That range of predicted Pscat values is 20% to 30% at V -band
and the range of predicted values monotonically increases toward longer wavelengths.
Zubko & Laor (2000) did not extend their predictions beyond 1 µm because they
assumed Rayleigh scattering, which predicts nearly 100% polarization for scattering
angles near 90◦ (Strutt 1871a), would accurately describe the polarization properties
of scattered light for such long wavelengths.
Contrary to the predictions of Zubko & Laor (2000), the observed distribution
of Pscat values within the UV-processed dust of NGC 7023 exhibits a monotonic
decrease with increasing wavelength.
The majority of the apertures used by Sellgren et al. (1992) to measure po-
larization in NGC 7023 were located within this inner region. Thus, Sellgren et al.
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Fig. 3.42: Plots of wavelength variation of Pscat for the UV-processed dust. (top) The
violin plots, which represent the distribution of MC P samples of the observed P at
each wavelength, are shown by the green regions located at the observed wavelengths.
The spaghetti plot of interpolated Pscat curves is represented by the array of semi-
opaque, black lines. (bottom) Traces of the median (black), ±1σ (dark gray), and
±2σ (light gray) percentiles of the distribution of interpolated P values at each
wavelength. The blue region indicates the range of Pscat values predicted by Zubko
& Laor (2000) for scattering angles between 60◦ and 120◦. Note the divergence
between the predicted values (increasing with longer wavelength) and the distribution
of observed values (decreasing with longer wavelength).
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(1992) attributed their lower than expected Pscat values to the diluting effects of ex-
cess, unpolarized NIR emission from dust grains. However, the analyses reported in
Section 3.5.5 of this study indicate that excess NIR polarization alone cannot explain
the low Pscat values observed in this region. Therefore, the decrease in Pscat at longer
wavelengths is likely a characteristic property of the dust population which is able
to survive in the UV-irradiated environment.
Although unpolarized NIR emission cannot be solely responsible for the low NIR
Pscat values observed in this region of NGC 7023, there may be some contribution
from unpolarized emission. Thus, the Pscat(λ) curve offered here represents a lower
limit on the values of Pscat at NIR wavelengths, though the curve is unlikely to be
grossly affected by dilution for the reasons described in Section 3.5.5.
Pscat(λ) for the Cold, Unprocessed Dust
The same procedure was applied to the data extracted from the image portions
covering the exterior parts of the NW-PDR (east) and S-PDR regions to produce
estimates of the wavelength variations of Pscat in the cold, dense ISM. The results of
this procedure are shown in Figure 3.43, in a manner analogous to Figure 3.42, here
separated by the region probed. The top, left panel shows the violin and spaghetti
plots for the NW-PDR (east) region, and the bottom, left panel shows the probability
contour plot for the same region. The information in these panels indicates that the
observed Pscat values in the NW-PDR (east) region are significantly less than the
predicted levels of Pscat at optical wavelengths but increase toward the longer, NIR
wavelengths. The increase in Pscat at longer wavelengths generally agrees with the
predicted wavelength variation, but the observed Pscat values remain significantly less
than the predicted value of nearly 100% (Strutt 1871a; Zubko & Laor 2000).
The right panels show the same information for region exterior to the S-PDR.
In this region, the observed Pscat values are only slightly less than the predicted Pscat
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Fig. 3.43: Plots of wavelength variation of Pscat for the unprocessed dust in the cold
ISM. The top and bottom panels show the same content as Figure 3.42, but the left
column of panels show the results from the exterior portion of the NW-PDR (east)
region and the right column of panels show the results from the exterior portion of
the S-PDR region.
values at V -band, and there is a slight increase from V - to R-band, as predicted by
Zubko & Laor (2000). The median H-band Pscat value is 20%, which is approximately
equal to the median R-band value and slightly greater than the median V -band value.
Contrary to the expected increase in Pscat for longer, NIR wavelengths, the median
Ks-band Pscat value is substantially less than the median H-band value. The cause
of these lower Ks-band P values may be due to dilution from unpolarized emission,
the particular dust grain characteristics in this region of the nebula, or the physical
distribution of the dust and the resulting scattering angles in this region of the nebula.
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The variation of Pscat(λ) for both the UV-processed and unprocessed dust pop-
ulations is less tightly constrained in the central, ∼ 1 µm, range. This range of wave-
lengths is where scattering efficiency drops and the NIR continuum emission begins
to rise. Polarimetric maps of these nebulae, especially NGC 7023, at these transition
wavelengths could help quantify the increase in NIR emission and the change in the
scattering physics which both appears to change most across this narrow range of
wavelengths.
3.6 Discussion
3.6.1 Dust Grain Destruction and the Importance of VSGs for Scatting
Light
The bifurcation of the NIR value of P at the boundary of the NW-PDR and
S-PDR in NGC 7023 indicates a change in the scattering species responsible for
producing the polarized light. The spectroscopic study of Berne´ et al. (2007) across
the NW-PDR suggested that there are distinct grain populations in the interior and
exterior sides of the NW-PDR. The interior side of the PDR is irradiated by intense
UV light which destroys the VSGs. The surviving dust population in the interior
region is either ineffective at scattirng NIR light, or it is effective at scattering NIR
light but ineffective at polarizing the scattered light.
The VSGs play an prominent role in the interaction between light and the dusty
ISM. The reason for this can been seen from the following geometric arguments. The
cross-sectional area of a given spheroidal dust grain is related to the grain size, a,
via the proportionality σgrain(a) ∝ a2. Thus, for an individual dust grain, a larger
grain presents a larger cross-sectional area. However, not all dust grains in the ISM
are a single size. There is a distribution of dust grain sizes which generally follows a
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power law with a negative slope such that N(a) ∝ a−q (e.g., q = 3.5; Mathis et al.
1977). Thus, there are greater numbers of small grains than there are large grains.
The total cross-sectional area associated with a given grain size is the product
of the number of grains, N(a), and the cross-sectional area of an individual grain,
σ(a). This yields the proportionality
σtot(a) ∝ N(a) · σgrain(a) ∝ a−q+2 (3.22)
Thus, if the slope of the power-law dependence meets the criteria q > 2, the majority
of the cross-sectional area from dust in the ISM is contained in the smaller dust
grains. Conversely, if q < 2, the majority of the cross-sectional area is contained in
the larger dust grains. This also implies that the total dust cross-sectional area of a
given dust cloud can be increased by breaking apart the larger grains to produce a
greater number of smaller grains.
A typical value of q, as determined from the wavelength dependence of interstel-
lar extinction, is q ≈ 3.5 (Mathis et al. 1977; Weingartner & Draine 2001b). Thus, the
total cross-sectional area provided by grains of size a within an individual dust cloud
is inversely proportional to the value of a. I.e., VSGs (0.001 µm ≤ a ≤ 0.02 µm)
provide a disproportionately large fraction of the cross-sectional area of dust in the
ISM.
If the VSGs in the interior region of NGC 7023 have been destroyed by the
intense UV radiation there, then the majority of the scattering surface area has also
been destroyed. This would greatly reduce the total amount of scattered light from
this interior region.
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What is Scattering the Optical Light in the Interior Regions?
The value of Pscat at optical wavelengths remains relatively high in the interior
region, where NIR Pscat is relatively low. If the VSGs are responsible for most of
the scattering surface area of a given dust population, and the VSGs have been
destroyed in the interior region, then what dust grains are scattering the optical
light and polarizing it so effectively?
It is possible that the BGs (0.02 µm ≤ a ≤ 0.3 µm), which are able to survive in
environments with intense UV radiation (Deharveng et al. 2010), are scattering the
optical light. Although these grains do not constitute the majority of the scattering
cross-sectional area in the dust population, the total interaction cross-section of the
dust grains for optical wavelengths is approximately a factor of five greater than it
is at NIR wavelengths (Cardelli et al. 1989). Thus, a smaller number of grains with
larger average size may still effectively scatter and polarize optical light. Regardless
of the precise reason, the high optical Pscat and low NIR Pscat is a key feature which
would need to be reproduced by any successful model of scattering by UV-processed
dust.
3.6.2 Dust Grain Destruction in M78 and NGC 2023
Sellgren et al. (1983) claimed that most reflection nebulae are not dominated by
scattered light at NIR wavelengths but by some other emission process (e.g., thermal
emission from stochastically-heated small dust grains). The fact that many reflection
nebulae are redder than their illuminating star in the NIR (see Figures 3.5 and 3.9,
above) is one of the key pieces of evidence supporting this claim. The other key piece
of evidence is the low value of P observed by Sellgren et al. (1992). However, the
observations presented here indicate that dust properties plays a significant role in
reducing the observed value of P at NIR wavelengths.
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The high NIR P mode in NGC 7023 appears to be caused by the cold, unpro-
cessed dust located exterior to the PDRs in that nebula. However, the PDRs in M78
and NGC 2023 are located close to the periphery of the NIR-bright portion of those
nebulae. Thus, there is little scattered light from the regions of these nebulae where
cold, unprocessed dust would be expected to be present. Given this situation, it is
unsurprising that M78 and NGC 2023 also both exhibit low NIR Pscat values.
Although the NIR values of Pscat are low across the majority of NGC 2023, the
secondary reflection nebula exhibits indications of the high NIR Pscat mode, with
values of P comparable to those found in the exterior regions of NGC 7023. What
is causing such high levels of NIR P in this secondary nebula but not elsewhere
in the nebula? Sellgren et al. (1992) attributed the increasing influence of light
from Star C at longer wavelengths to a combination of the dust surrounding star C,
which obscures the embedded nebula at optical wavelengths, and the spectrum of
Star C, which peaks at NIR wavelengths. While this can account for the fact that
the secondary nebula is detected at NIR wavelengths but not detected at optical
wavelengths, it cannot account for the much higher NIR P in the secondary nebula.
Instead, the destruction of the NIR scattering dust grains throughout the primary
nebula by the brighter, hotter central illuminating star HD 37903 could account for
the discrepancy in Pscat in the primary and secondary nebula.
A significant difference in the properties of the dust populations filling the
primary and secondary nebulae of NGC 2023 is possible if the UV radiation from
HD 37903 has processed the dust filling the primary nebula while the dust surround-
ing star C has not yet been processed. This would require an overdensity of cool,
dusty, molecular gas surrounding star C to provide a self-shielding layer to protect
the dust in that region from the UV radiation produced by HD 37903. Indeed, such
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an overdensity of cool, molecular gas toward star C can be seen in the 12CO(3− 2)
emission maps presented by Sandell et al. (2015).
3.6.3 Implications for Specific Dust Grain Properties
Given the evidence that there are different dust grain populations in the UV-
irradiated ISM and in the UV-dark ISM, what specific grain scattering properies are
different in these two environments? There are several grain properties to consider,
all of which are functions of wavelength. The first property is the total extinction
cross-section, σext = σscat +σabs, where σscat is the scattering cross-section and σabs is
the absorption cross-section. This property can be well-determined by observations
of interstellar extinction as a function of wavelength, and much work has been done
to measure this grain parameter (Cardelli et al. 1989; Weingartner & Draine 2001b).
The next parameter to consider is the grain albedo, α = σscat
σext
. This parameter
describes the effective scattering efficiency of a dust grain. The albedo can take on any
value between zero, which describes grains which only absorb light and never scatter
light, and unity, which describes grains which only scatter light and never absorb
light. Real dust grains are expected to take on some intermediate value between
these two extremes, but attempts to determine the value of this parameter and its
wavelength dependence have yielded mixed results. Attempts to model the albedo
using the grain parameters which best reproduce the observed extinction curve results
in optical albedos in the range 0.7 < α(optical) < 0.8 and NIR albedos in the range
0.4 < α(NIR) < 0.5 (Weingartner & Draine 2001b). However, some observational
results suggest that 0.6 < α(optical) < 0.8 (Witt et al. 1990) and α(NIR) & 0.8
(Witt et al. 1994). Thus, the albedo is an uncertain dust grain parameter, especially
at NIR wavelengths.
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In addition to σext and α, there is an entire matrix of scattering properties which
must be well-determined in order to accurately describe scattering by dust grains.
This is illustrated by the matrix equation

I ′
Q′
U ′
V ′

=

PII PQI PUI PV I
PIQ PQQ PUQ PV Q
PIU PQU PUU PV U
PIV PQV PUV PV V

×

I
Q
U
V

, (3.23)
where unprimed quantities I, Q, U , and V are the Stokes parameters of light incident
on a dust grain, the primed quantities I ′, Q′, U ′, and V ′ are the Stokes parameters
of the scattered light, and the Pij are the elements of the scattering matrix. The
elements of this matrix are generally functions of both wavelength and scattering
angle (Whitney 2011).
In the case of single-scattering, the incident light from the central star is taken
to be unpolarized so that Q, U , and V are all set to zero. In that case, the matrix
elements in the first column are the most relevant, as those elements describe the
conversion of unpolarized, incident starlight (I) into various states of polarization
(Q′, U ′, or V ′).
The elements of the first column can be understood as follows (cf., White 1979a;
Whitney & Wolff 2002; Whitney 2011). The first element, PII , is the scattering phase
function, φ(θscat), which describes the frequency with which light is scattered into
a given angle, θscat. The second element, PIQ, is the rate at which unpolarized
starlight is converted to linearly polarized scattered light. The third element, PUI ,
can be made to be zero by rotating into the proper reference frame where all scattered
light is polarized such that Q is non-zero and U is zero. The fourth element, PIV , is
the rate at which unpolarized light is converted into circularly polarized light. This
effect is a negligibly small effect in the case of single-scattering.
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The results presented in this study require that the total amount of polarized
light produced via scattering by the UV-processed dust be reduced. This can be
accomplished by reducing the NIR albedo, α, reducing the value of PIQ, or reducing
both values simultaneously.
The observations of NGC 7023 suggest that a low NIR α is likely. Detectable
levels of NIR Stokes I only extend ∼ 2′ to the NW of the central star (see Figure 3.12)
while the optical Stokes I extends ∼ 10′ in the same direction (see Figure 3.10). This
difference in optical and NIR Stokes I can be accounted for by a low NIR α but not by
a lower PIQ value. Further modeling of the NGC 7023 system, using a detailed dust
distribution, rather than a simplified spherical or planar model, would help clarify
the degree to which each of these factors may contribute to the observed photometric
and polarimetric properties of this nebula.
3.6.4 UV-processed or Unprocessed: Which Dust Population is Respon-
sible for the Scattered Light from External Galaxies?
The Pscat(λ) curves associated with the UV-processed and unprocessed dust
populations exhibit different characteristics. The Pscat(λ) for the UV-processed dust
decreases at longer wavelengths, and the Pscat(λ) for the unprocessed dust either
increases or decreases at longer wavelengths depending on environmental factors (see
Figure 3.43). Which of these two dust populations dominate the scattering of light
in external galaxies?
The diffuse ISM is irradiated with with a fairly constant flux of far-UV (6 eV <
hν < 13.6 eV) photons (Hollenbach & Tielens 1997). The far-UV flux, G0, can
be measured in units of the locally-average interstellar radiation field (ISRF), 1.6×
10−6 W m−2 (Habing 1968). In NGC 7023, Pilleri et al. (2012) estimated far-UV
fluxes of G0 = 2600 at the interior side of the NW-PDR and G0 = 1500 at the
interior side of the S-PDR.
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In the diffuse, UV-irradiated ISM, G0 spans a broad range of values, from 1.7 <
G0 < 10
6 (Draine 1978; Hollenbach & Tielens 1997). It is unclear if this is enough
UV radiation to keep the dust in the diffuse ISM in its UV-processed state with most
of the VSGs destroyed. Answering this question would yield a great deal of insight
into the dust which fills the majority of the volume of the ISM.
The conditions in the cold, dense ISM are reversed from those found in the
diffuse ISM. There is little far-UV flux, due to absorption by the high concentration of
dust in the cold ISM (Hollenbach & Tielens 1997). Thus, the VSGs in this component
of the ISM would not be dissociated into smaller PAHs. Instead, the cold ISM is
able to grow a population of larger grains through the accumulation of icy mantles
covering refractory cores (Dwek 1998).
The scattered light from external galaxies is not produced by a myriad of small,
dense, dusty reflection nebulae. Instead, scattered light from these objects is expected
to be produced by the tenuous dust distributed throughout the long path lengths
experienced by light traversing the disk of a galaxy (Wood 1997). The hot, diffuse
ISM occupies the greatest fraction of the volume of a galaxy disk (McKee & Ostriker
1977). If the dust in the hot ISM is better represented as a UV-processed population,
then the Pscat wavelength variation shown in Figure 3.42 may better characterize the
scattering processes which span the majority of the volume of a disk galaxy. Thus,
on the basis of the analysis presented in Section 3.5.6, the NIR Pscat of scattered
light from a galaxy would be lower than the optical Pscat of scattered light. That is,
galaxies should have only weak NIR Pscat, even if they have strong optical Pscat.
3.6.5 Measuring B-fields and Minimizing PIscat
This study was motivated by the realization that the effects of scattered light
on polarimetric measurements of B-fields in external galaxies are poorly understood
(Pavel & Clemens 2012; Clemens et al. 2013; Montgomery & Clemens 2014). It
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was of particular interest to indentify which wavelengths are least contaminated by
scattered light and thus best suited for B-field studies of external galaxies.
The net polarization signal accurately reveals the interstellar B-field when
Pobs,dichro, the polarization signal due to magnetically-aligned dust grains, dominates
over value of Pobs,scat, the polarization signal due to scattered light mixed with unpo-
larized stellar light. The value of Pobs,dichro is typically on the order of a few percent
(Jones 1989b; Scarrott & Draper 1996; Scarrott 1996; Jones 1997) and appears to
follow the wavelength dependence of the Serkowski law (Scarrott et al. 1996). From
Equation 3.3, it can be seen that reducing the value of Pobs,scat can be achieved by
decreasing the value of PIscat. Thus, polarimetrically observing an external galaxy
at a wavelength where PIscat is small increases the probability that the observed
polarization signal is dominated by dichroism rather than by scattering.
Is the amount of PIscat produced by scattering greater at optical or NIR wave-
lengths, and how does this vary from one environment to the next? These questions
can be answered by computing the fraction of flux from an illuminating star which
is scattered and converted into polarized intensity.
The total, polarized fluxes from the reflection nebulae were computed as the
integral of PIscat over the solid angle subtended by the reflection nebulae. These
quantities were normalized by the fluxes from the stars at the observed wavelengths,
as a brighter star will produce a brighter nebula with more PIscat. This produces a
unitless polarization yield, PY , defined as
PYλ ≡
∫
PIλ dΩ
Fλ
(3.24)
where the integral in the numerator is over the entire solid angle of the nebula where
significant P is detected and also meets the centrosymmetric PA requirement, and
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Table 3.3. Integrated PIscat Normalized by Stellar Flux
Object PYV PYH ratio
M78 111 2.7 41
NGC 2023 44 4.2 11
NGC 7023 3.5 1.1 3.2
the Fλ value in the denominator is the flux of the star across the given waveband,
based on APASS and 2MASS photometry.
Values of PYλ were computed for all three observed nebulae using V -band and
H-band as representative optical and NIR wavelengths. These results are reported in
Table 3.3. The entries there indicate that optical light is many times more efficiently
scattered, to produce PIscat, than is NIR light. In the case of NGC 7023, where the
majority of the PIscat is produced by unprocessed, cold dust, the ratio of PYV to
PYH is still approximately three. Thus, even for cold ISM dust, the value of Pobs,scat
is expected to decrease by a factor of three from V -band to H-band.
It is helpful to recall that the value of PI is unaffected by any diluting, unpolar-
ized emission. Thus, even in M78 and NGC 2023, which appear to be dominated by
non-scattered light at NIR wavelengths, the PI quantity accurately represents the
amount of polarized, scattered light. If these nebulae represent environments char-
acterized by UV-processed dust, as was proposed above, then the data in Table 3.3
provide substantial additional evidence that the scattering properties of that dust
are significantly different from the unprocessed dust in the cold ISM. For these par-
ticular dust populations, optical light is far more efficiently scattered and polarized
than is NIR light. The strong conclusion is that if UV-processed dust is responsible
for producing a net PIscat signal in the disk of a galaxy, then optical polarimetric
observations will be much more significantly affected by scattering than NIR light.
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Thus, NIR polarimetry is more optimally suited for measuring the B-field threading
the dusty component of the ISM of external galaxies.
3.6.6 Recommendations for Models of Polarized Light from Galaxies
Mixing dust and starlight in a spatially-distributed model galaxy disk results
in a complicated set of effects regarding scattered light. Understanding these effects
can be approached either emperically, through observations of specific galaxies where
scattering is known to be the dominant source of polarized light, or theoretically,
through MC models, such as those produced by Wood (1997), Wood & Jones (1997),
and (more recently) Peest et al. (2017). These models treat scattering of the ISRF
by a spatially-continuous distribution of dust.
Based on the results of this study, the following recomendations are made for
future attempts to model the polarization of scattered light from external galaxies:
• There should be at least two separate dust populations included in the models:
UV-processed dust (perhaps mostly distributed throughout the hot ISM) and
unprocessed dust (perhaps mostly concentrated in the cold ISM).
• The UV-processed dust should produce less NIR-scattered light PI than the
unprocessed dust (either through a lower NIR albedo, a lower NIR PIQ value,
or both).
3.7 Summary
Three reflection nebulae, M78, NGC 2023, and NGC 7023, were observed for
polarization at V -, R-, H-, and Ks-band to mesaure the wavelength dependence
of Pscat for dust in the ISM. The calibrated photometry and colorimetry of these
nebulae confirm that M78 and NGC 2023 are dominated by non-scattering, emission
161
processes in the NIR (especially at Ks-band). The nebulae M78 and NGC 2023 also
show low levels of NIR P , in agreement with previous studies.
The observations of NGC 7023, however, revealed a relatively blue color in the
NIR, suggesting that the light from this nebula is dominated by scattering, a finding
which is contrary to previous, aperture-based observations. The imaging polarimetry
of NGC 7023 revealed a bifurcation of the NIR P values. There are low NIR P values
in the region interior to the PDRs, close to the central illuminator, and high NIR
P values exterior to the PDRs. Profiles of Stokes I, P , and PI across these PDRs
indicate that a change in dust properties is responsible for this bifurcation in NIR P .
Previous spectroscopic studies of the dust in NGC 7023 also suggested a division
of dust populations across the PDRs (Berne´ et al. 2007). Based on the polarization
properties in the interior and exterior regions of NGC 7023, the dust in the hot,
interior region has either a low albedo, low polarizing efficiency, or both while the
dust in the exterior, cold region has a higher albedo, higher polarization efficiency,
or both.
The observations presented in this Chapter provide an answer to question Q1.a:
does the value of Pscat monotonically increase for λ & 0.6 µm, as suggested by scat-
tering models? The wavelength dependence of Pscat was empirically-determined from
the multi-wavelength observations of NGC 7023, treating the UV-processed dust and
cold, unprocessed dust separately. The UV-processed dust shows a Pscat(λ) variation
which decreases toward longer, NIR wavelengths, contrary to what is expected from
Rayleigh scattering. The cold, unprocessed dust shows a Pscat(λ) variation which ap-
pears to depend on environment, and which can, under the right conditions, increase
to high values in the NIR, in agreement with Rayleigh scattering.
Given the significantly different scattering effects of these two dust populations,
they should both be incorporated into future Monte Carlo modeling efforts, espe-
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cially for NIR wavelengths. Such models are useful tools for formulating specific
predictions based on the current theoretical understanding of dust in the ISM, but
those predictions must ultimately be confronted by emperical data, such as multi-
band polarimetric observations of a disk galaxy whose polarization is known to be
dominated by scattering. There is one such galaxy which has been identified by
previous single-band polarimetric studies, and it is precisely this galaxy which is the
subject the next Chapter.
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Chapter 4
Scattered Optical and Near-infrared Light
from the Galaxy M82
4.1 Introduction
How does the polarization percentage (P ) of scattered light vary as a function
of wavelength? Is it possible to use observations of P at multiple wavelengths to
distinguish polarizations caused by scattered light from polarizations caused by linear
dichroism? These questions were addressed using optical and near-infrared (NIR)
polarimetry of the nearby, starburst galaxy M82.
Optical and NIR background starlight polarimetry provide reliable of probes of
the magnetic (B) field in the cold, dusty interstellar medium (ISM) (Hiltner 1949a,b;
Hall 1949; Heiles 1976, 2000). Radiative torques spin-up the aspherical dust grains
in the ISM, which consequently develop a magnetic moment and precess with the
average orientation of their long axes perpendicular to the ambient B-field (Draine
& Weingartner 1996; Lazarian & Hoang 2007). These aligned dust grains act as a
dichroic material, which absorbs less light with electric fields parallel to the B-field
and absorbs more light with electric fields perpendicular to the B-field. This arises
because the aligned dust grains present a greater absorption cross section to light
with electric fields parallel to the long axes and a smaller cross section to light with
electric fields parallel to the short axes. Thus, the transmitted light is imparted with
a net polarization percentage (P ), and the position angle (PA) of that polarization is
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parallel to the plane-of-sky component of the B-field (Bpos) threading the intervening
dusty material. Thus, the orientation of Bpos in the cold, dusty, star-forming ISM
can be probed by measuring the polarization of the light received from individual
stars within the Milky Way (Mathewson & Ford 1970; Clemens et al. 2012a) or via
mapping the polarization of starlight across the luminous extent of an external galaxy
(Scarrott et al. 1990; Jones 1997; Montgomery & Clemens 2014).
Light scattered by dust grains is also highly polarized and may contribute signif-
icantly to the observed polarization of the light from a star or galaxy. The scattering
process takes place in a plane defined by two vectors: the direction of the incident
light and the direction of the scattered light. The scattering surface is the loca-
tion where the two vectors meet. The PA of scattered light is perpendicular to this
plane-of-scattering and thus is generally unrelated to the direction of the interstellar
B-field.
Light sources whose polarization is produced by scattering processes can con-
taminate B-field studies. If these scattering-dominated sources are not identified
and discarded, then the PA of light from these sources will be used to inaccurately
infer the Bpos orientation. In the case of an individual star whose light is polarized
via scattering by dust in a circumstellar disk, scattering-dominated measurements
can often be identified by their high P value relative to the surrounding stars (e.g.,
Sogawa et al. 1997; Simpson et al. 2009; Clemens et al. 2012a).
The Serkowski Law (Serkowski et al. 1975; Wilking et al. 1982) provides an
empirical relation between wavelength and the expected value of P for individual
stars within the Milky Way. The law is given by
P (λ)/Pmax = exp
(
−K ln2 (λmax/λ)) (4.1)
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where λmax is the wavelength at which P reaches its maximal value (Pmax), and K
is a shape parameter controlling how quickly the value of P falls off at wavelengths
on either side of λmax.
The Serkowski law returns values between 5% . P . 15% at optical wave-
lengths and 1% . P . 5% at NIR wavelengths for typical values of Pmax ≈ 15.0%,
λmax ≈ 0.55 µm, and K ≈ 1.0 (Whittet et al. 1992). Stars with values of P signifi-
cantly greater than their neighbors on the sky or significantly higher than expected
from the Serkowski Law can be identified and rejected, thus preserving an accurate
estimate of the B-field behavior in that region of the sky.
The optical and NIR light from external galaxies originates with individual
stars. Ground-based observations of galaxies are generally not able to resolve these
individual sources of light from each other. Thus, each pixel in an imaged observation
of an external galaxy includes light from many such sources, and the light in each pixel
may have been polarized by some unknown combination of dichroism and scattering.
This presents a problem for the observer, who is unable to easily identify which
observed PAs indicate the Bpos orientation and which are predominantly caused by
scattering.
In some cases, the observed PAs can provide additional clues as to whether
scattering or dichroism is the dominant polarizing mechanism. In the case of a
single, central illuminator, the expected polarization pattern of scattered light is
centrosymmetric where the PA at each point in the image is perpendicular to the
line connecting that point and the central illuminator (van de Hulst 1981). This
simple model applies well to reflection nebulae, such as those studied by Sellgren
et al. (1992) and further investigated in Chapter 3. Galaxies, however, have a complex
distribution of stellar illumination and dusty, scattering material rather than a single,
central illuminator.
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Another identifying characteristic of scattered light is its blue color. Mie theory
can be applied to simple dust-particle models (e.g., spherical or cylindrical grains)
to show that the scattering cross-section of the particles is inversely proportional
to the wavelength of the light (Mie 1908; Debye 1909; Walstra 1964). The power-
law exponent on of this inverse relation depends on the dielectric properties of the
scattering material (van de Hulst 1981). When the dust-particles are much smaller
than the wavelength of the incident light, Mie theory simplifies to the Rayleigh
approximation (Strutt 1871b), and the scattering cross-section of the particles is
proportional to λ−4 for a purely dielectric material (Bohren & Huffman 2008). Thus,
short wavelength light is more likely to be scattered than long wavelength light.
Is there some other method for overcoming these difficulties and identifying
scattering-dominated polarization in an external galaxy? If the wavelength depen-
dence of scattered polarization, Pscat(λ), is significantly different from the wavelength
dependence of polarization from dichroism, Pdichro(λ), then this characteristic might
be used to identify and separate zones of scattering from zones of dichroism in ex-
ternal galaxies.
White (1979a) modeled the polarization properties of light scattered by dust us-
ing the Mathis et al. (1977) (hereafter MRN) grain composition and size distribution
(sizes between 0.005 µm and 1 µm with a power law exponent of −3.5). The White
(1979a) model predicted that Pscat at optical wavelengths should be ∼40-45% with
Pscat increasing toward longer wavelengths. This increase was predicted to continue
toward NIR wavelengths such that Pscat approached 100% for wavelengths greater
than ∼ 1 µm, where the size of the scattering grains is much smaller than the wave-
length of the light, so that light scatters according to the Rayleigh approximation
(Strutt 1871a,b). Zubko & Laor (2000) applied a similar analysis to MRN dust
grains while treating a variety of scattering angles. They predicted that Pscat reaches
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its maximal value at a scattering angle of 90◦, where optical light would exhibit an
expected Pscat ∼ 40%. Zubko & Laor also predicted that Pscat would monotonically
increase for λ > 0.65 µm, reaching 60% at 1 µm for a scattering angle of 90◦. They
predicted slightly lower values of Pscat for other scattering angles, but Pscat was still
predicted to monotonically increase for λ > 0.5 µm, reaching ∼ 40% at 1 µm, for
any scattering angle between 60◦ (forward-scattering) and 120◦ (back scattering).
The consistent prediction of White (1979a) and Zubko & Laor (2000) is that
Pscat(optical) < Pscat(NIR). This is distinct from the expected relationship for light
polarized by dichroism, where Pdichro(optical) > Pdichro(NIR) (Serkowski et al. 1975;
Wilking et al. 1982). Thus, if the predicted Pscat(λ) variation is correct, then it
should be possible to use multiband polarimetry to observationally-separate polar-
ization predominantly caused by scattering from polarization predominantly caused
by dichroism.
These theoretical predictions of Pscat(λ) remain poorly constrained by obser-
vation. The previous Chapter observationally-determined Pscat(λ) for dust in the
Milky Way by studying reflection nebulae. The current Chapter reports on whether
Pscat(λ) for external galaxies is similar to the Pscat(λ) observed for reflection nebulae
within the Milky Way and whether the prediction that Pscat(optical) < Pscat(NIR) is
true for external galaxies.
Testing these predictions required measurements of P for a galaxy where scat-
tering is the dominant polarizing mechanism in at least one optical and one NIR
band. Measuring P at two optical and two NIR bands enables a better character-
ization of the Pscat(λ) variation by providing an estimate of the rate of increase or
decrease of Pscat between two adjacent wavebands. Observing at two optical and two
NIR bands also serves as a robustness check to ensure that the derived conclusions
are not a result of spurious behavior at one particular band.
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The measured PAs of M82 can be used to identify sightlines with polarization
caused by single scattering. This is possible because the starburst region of M82
serves as a bright central illuminator. Once the scattering-dominated sightlines have
been identified, an estimated Pscat(λ) variation can be reconstructed from the P
values in these pixels at each waveband. The theoretically-predicted Pscat(λ) curve
can then be compared with the curve reconstructed from the observations.
Section 4.3 describes the observing and reduction procedures. The analy-
ses in Section 4.4 are broken into several subsections. Section 4.4.1 describes the
photometric-calibration procedure and presents the intensity images and color maps
of M82. Section 4.4.2 describes the technique used to locate the scattering center
at each observed waveband and identify which parts of the galaxy show centrosym-
metric polarization about that scattering center. Sections 4.4.3 and 4.4.5 present the
maps of PA and P , respectively. Section 4.4.6 presents an analysis of the relationship
between P and photometric color. Section 4.4.7 presents the estimated wavelength
dependence of Pscat. Section 4.5 discusses the implications of this study for inter-
preting polarimetric observations of external galaxies, and Section 4.6 summarizes
the main results of the study.
4.2 M82: An Archetypal Starburst Galaxy
The science goals of this study required an optically-bright external galaxy with
a polarization pattern which could easily be identified as scattering-dominated. The
nearby starburst galaxy M82 (d = 3.3 Mpc, platescale = 16 pc arcsec−1, Foley et al.
2014; PAgal = 70.0
◦ Mitronova et al. 2004; i = 81.◦6 Mayya et al. 2005; SFR ≈
13 M yr−1, Fo¨rster Schreiber et al. 2003) meets these criteria.
Observations of the 21 cm line toward M82 reveal a stream of H I connecting
M82 and its neighboring galaxies M81 and NGC3077 (Cottrell 1977) suggesting a
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tidal encounter with these neighboring galaxies took place 200− 400 Myr ago (Yun
et al. 1993; Davidge 2008). Tidal encounters often trigger large-scale structures such
as spiral arms and bars (Toomre & Toomre 1972; Barnes & Hernquist 1996). Indeed,
Mayya et al. (2005) discovered a pair of spiral arms in M82 via NIR imaging, and
Telesco et al. (1991) and Achtermann & Lacy (1995) discovered a ∼ 1 kpc nuclear
bar via mid-infrared imaging and spectroscopy. These large-scale features funnel
gas from the disk into the nuclear region of the galaxy (Pfenniger & Norman 1990;
Athanassoula 1992; Heller & Shlosman 1994; Regan & Teuben 2004; Li et al. 2015).
Analysis of the stellar populations in the disk of the galaxy suggest that there
was a burst of star formation in the disk of M82 which began 450 Myr ago, likely
around the same time as the tidal encounter, and lasted for about 350 Myr (Mayya
et al. 2006; Mayya & Carrasco 2009; Davidge 2008; Rodr´ıguez-Merino et al. 2011).
Subsequent to the tidal encounter, the bar and arms appear to have funneled any
remaining gas from the disk into a circumnuclear ring of high-density molecular gas
in the core of M82 (Nakai et al. 1987; Shen & Lo 1995). This concentration of high-
density gas has fueled at least two episodic bursts of star formation within the past
10 Myr (Efstathiou et al. 2000; Fo¨rster Schreiber et al. 2003; Yao 2009). The rapid
star formation in the core of M82 has left a “fossil record” of compact, high mass
“super star clusters” (O’Connell & Mangano 1978; O’Connell et al. 1995; Melo et al.
2005; Lim et al. 2013) and supernovae remnants (Fenech et al. 2008).
A schematic of M82 is shown in Figure 4.1. The high rate of star formation
activity in the core of M82 has driven a bipolar wind several kpc vertically off the
plane of the disk (Chevalier & Clegg 1985; Heckman et al. 1987; McCarthy et al. 1987;
Heckman et al. 1990; Melioli et al. 2013). This wind is entrained with dusty material.
Roussel et al. (2010) analyzed FIR maps of the M82 halo and concluded that there
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Fig. 4.1: Schematic of M82 as seen along a direction contained in the plane of the sky
seen from earth, based on the results of Ohyama et al. (2002). The black-outlined
oval near the center of the figure indicates the outline of the disk of M82 with a
central, bright starburst region represented by the red oval. The two arms in the
disk are indicated by the gray arcs within the disk. The wind lobes are indicated by
the two ovals emanating from the central region, and the blue circles within those
ovals indicate the presence of scattering dust within the wind lobes.
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is ∼ 106 M of dust embedded in the “wind lobes” and halo of M82. These dust
grains provided scattering surfaces for the light from the bright starbursting core.
The dusty halo of M82 is highly polarized, as was first discovered by Elvius
(1962). Solinger (1969) noted the centrosymmetric pattern of the PAs in this galaxy
and suggested that the light was polarized by scattering from dust in the halo.
Solinger & Markert (1975) further noted that there was a significantly elliptical
(non-circular) shape to the PAs in M82. Solinger & Markert (1975) interpreted
the departure from the perfectly circular centrosymmetry as an indicator that the
source of the scattered light was a combination of light from the stellar disk and light
from a bright central region rather than a single, bright active nucleus.
Given that light from the disk and core of M82 is scattered by the dust in the
halo, it is instructive to consider which parts of the halo scatter light toward Earth.
The likelihood of scattering by a dust grain as a function of angle (θ) is approximately
described by the Henyey & Greenstein (1941) scattering phase function, which has
the form
φ(θ) =
1
4pi
1− g2
1 + g2 − 2g cos(θ) , (4.2)
where g = 〈cos(θ)〉 quantifies the asymmetry in the intensity of scattered light. A
value of g = 0 yields perfectly isotropic scattering while values of g = −1 and
g = +1 produce perfect back-scattering and forward-scattering, respectively. For
dust in the Milky Way, the symmetry parameter at optical wavelengths is g ≈ +0.5
(Draine 2003), which corresponds to 83% of that light being scattered in the forward
direction (scattering angles between 0◦ and 90◦) and 17% of the light being scattered
in the backward direction (scattering angles between 90◦ and 180◦).
A similar scattering phase function with a second, primarily backward scattering
component was introduced by Irvine (1965) to model strongly backward scattering
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phenomena, such as the “gegenschein” observed in zodiacal light (Tanabe 1965; Du-
mont & Sanchez 1975; Lumme & Bowell 1985). White (1979a) estimated that for
an MRN dust mixture, the backward scattering component is negligible at 1.1 µm
but increases to significant levels at shorter wavelengths. At 0.346 µm, the two-
component model which best matches the expected phase function from Mie theory
calculations also produces 83% forward-scattered light and 17% backward scattered
light (cf., Witt 1977; Wolff et al. 1998). Thus, dust in the ISM is expected to be heav-
ily forward-scattering, though still manifesting a weak back-scattering component at
optical wavelengths.
This implies that the majority of the intensity of the scattered light observed
in the halo of M82 is from the near side of the roughly conical wind lobes (Ohyama
et al. 2002), as light from the back side of the wind lobes would be scattered through
angles greater than 90◦, which the discussion above illustrates only rarely occurs.
This forward-scattering geometry has the benefit of simplifying the analysis, as the
scattered light from the near side of the wind lobes passes through less additional
dusty material than scattered light from the far side of the wind lobes.
Jones (2000) was the first to measure the NIR polarization of M82. He found
that the H-band PAs deep in the core of M82 are centrosymmetric, as they also
are at optical bands. The centrosymmetric PAs at optical wavelengths are located
farther out in the halo than the NIR centrosymmetric PAs.
The NIR PAs are located deep in the stellar disk, where perturbation from
circular centrosymmetry should be high if the scattered light originates in the stellar
disk (Solinger & Markert 1975). The fact that the NIR PAs are centrosymmetric
even so close to the disk suggests that the majority of illumination is from the bright
central region and not from the more extended disk. Hence, the central region of
M82 is a good target for studying scattered light from a central illuminator.
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The sky positions where NIR polarization was detected by Jones (2000) are con-
centrated within the central 60′′ of the galaxy center. This proximity suggests that
the scattered light from this region of the galaxy is indeed dominated by the bright
starbursting core rather than the diffuse stellar disk. The fact that the centrosym-
metric pattern is preserved within this region suggests that the scattering-based
polarization is not significantly disrupted by intervening layers of dust. This is only
possible because of the significantly lower levels of extinction at NIR bands (e.g.,
τH/τV ≈ 0.19, Cardelli et al. 1989).
4.3 Observations and Data Reduction
The galaxy M82 was observed for polarization at H- (1.6 µm) and K-bands
(2.2 µm) in 2013 May and June and at V - (0.535 µm) and R-bands (0.638 µm)
in 2015 January. Observations were conducted using the Mimir NIR instrument
(Clemens et al. 2007) and the PRISM optical instrument on the Perkins 1.83 m
telescope located near Flagstaff, AZ.
PRISM employed a Fairchild 2048 × 2018 pixel CCD array with an effective
gain of 3.3 e−/ADU and a read noise of 13 e−. The field-of-view (FOV) was 13.′2
square, which yielded a plate scale of 0.′′39 pixel−1 at 1×1 pixel binning. Calibration
observations of polarization standard stars from Whittet et al. (1992) were performed
using 1×1 pixel binning while observations of M82 were performed using 2×2 pixel
binning to increase the signal-to-noise ratio (SNR) in each pixel. PRISM used a
rotatable HN38 polaroid to measure polarization and either a Johnson V or a Cousins
R bandpass filter.
Faint emission from the perimeter of M82 fills most of the PRISM frame making
it difficult to estimate the sky-background level in the on-target frames. Thus, the
off-target frames from an on-off-off-on dither with a 30′ throw were used to estimate
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the background contribution to each on-target frame. The sky-background levels in
the off-target reference frames were interpolated by time to provided estimates of
the polaroid-angle-specific sky-background brightness at the times of the on-target
observations. At each dither pointing, exposures were obtained through four unique
polaroid rotation angles using 15 second and 10 second exposure times for V - and
R-band, respectively.
The PRISM optical data were corrected for bias, dark current, and polaroid-
angle-specific flat-fielding using sets of calibration frames obtained alongside the sci-
ence frames. An overscan region was used to estimate the bias level in each PRISM
frame, and additional 2D structure of the detector bias was estimated from a set
of zero-second bias frames. The PRISM detector was cooled by liquid nitrogen to
−120◦ C to limit dark current. The average dark current levels estimated from the
dark frames was far less than the read-noise estimated from the bias frames, so no
dark current subtraction was performed. Flat field images were obtained for each
polaroid rotation angle using an in-dome white screen illuminated by lamps at the
front end of the telescope. These images were de-biased, normalized by their modes,
and averaged to produce one master flat-field image per polaroid rotation angle for
each filter. All science frames were de-biased and divided by the normalized master
flat for the corresponding polaroid rotation angle and waveband.
Mimir employed an Aladdin III 1024× 1024 pixel InSb array with an effective
gain of 8.21 e−/ADU and a read noise of 19 e−. The Mimir FOV was a 10′ square,
giving a plate scale of 0.′′58 pixel−1. Mimir used a cold, compound, rotatable half-
wave plate (HWP) and cold wire grid with IRTF H and Ks bandpasses to measure
polarization.
The angular size of the NIR emission distribution of M82 is much smaller than
the Mimir frame, so sky-background levels could be estimated from the on-target
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frames using regions free from stellar or external galaxy light sources. Observations
were conducted using a six-point hexagonal dither pattern with a 60′′ radius throw.
At each pointing, 10 second exposures were obtained through each of 16 unique HWP
rotation angles. A complete observation consisted of 96 separate images, and this
procedure was repeated a total of 10 times for each NIR band.
The NIR data were reduced using the Mimir Software Package (MSP) Basic
Data Processor (BDP v3.4.2) (Clemens et al. 2012c), which applied a non-linearity
correction for each pixel, subtracted dark current, and normalized by HWP-specific
flat-fields. The science quality data from BDP were further processed to produce
Stokes Q and U images using the MSP Photo POLarimetry Tool (PPOL v8.3.2)
software package, described in Clemens et al. (2012c), with the following modifica-
tions.
Dust emission features from the telescope and instrument were not completely
removed by the in-dome flat-fielding. Thus, the science frames were further flattened
using a supersky image produced from the unaligned images for each HWP angle.
A mask for M82 was generated by fitting a Se´rsic profile (Se´rsic 1963) plus a bulge
component to the 2MASS H- and Ks-band images obtained from the Large Galaxy
Atlas (Jarrett et al. 2003). All portions of the Mimir science images exhibiting
2MASS intensities brighter than 18.75 mag arcsec−2 at H-band or 18.5 mag arcsec−2
at Ks-band were masked from being included in the sky flat for their corresponding
HWP supersky image. These masks covered all bright parts of the galaxy. The
stars in each image were also located and masked to prevent stellar flux from being
incorporated into the sky flat.
The sky background level in each of the six dither pointings for each HWP angle
was estimated using the flux-free, unmasked portion of the image. Each masked im-
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age was normalized by its own average background level, and a final average supersky
for that HWP angle image was computed from the masked, normalized images.
Some pixels of the supersky image were masked in all six dither pointings. These
pixels were filled using the median of the neighboring pixels to estimate the value
within the masked region. This procedure preserved the large-scale structure of the
supersky in the missing pixels and produced a complete supersky image containing
the residual dust features. The HWP-specific supersky was scaled to the previously
estimated sky background level and subtracted from each of the constituent dithered
images to produce six background-free, dust-feature-free images for each HWP angle.
These flattened images were returned to PPOL to correct for variable atmo-
spheric transmission and to combine all six dither pointings into 16 master HWP
images for each set of 96 images. The four-fold redundancy in the 16 HWP images
was further reduced by averaging the images to produce four instrument indepen-
dent polarimetric position angle (IPPA) images, I0, I45, I90, and I135. In the case
of the PRISM images, each of the four polaroid rotation angles was treated as an
IPPA. The Poisson noise of each pixel in the IPPA images was estimated using the
the effective gains of the instrument detectors combined with the the signal levels in
each pixel and the read noise of each detector.
The IPPA images were used to produce Stokes parameter images, which were
computed for each pixel as:
I = 0.5(I0 + I45 + I90 + I135)
U = (I0 − I90)/(I0 + I90)
Q = (I45 − I135)/(I45 + I135),
(4.3)
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and the related uncertainties were computed for each pixel using standard Gaus-
sian error propagation. The Stokes parameter images were combined to produce
polarization images using
P = 100×
√
U2 +Q2
PA = 0.5 arctan
(
U/Q
) 180◦
pi rad
,
(4.4)
where P is the uncorrected polarization percentage, and PA is the observed po-
larization position angle in units of degrees. The uncertainty in P was computed
and the positive bias in P was removed using the technique described in Chapter 3
Section 3.4.4. The uncertainty in PA was computed using Equation 3.10.
SINGS Data
Observations of M82 obtained as part of Spitzer Infrared Nearby Galaxies Sur-
vey (SINGS, Kennicutt et al. 2003) were retrieved from the NASA/IPAC Infrared
Science Archive (IRSA) servers. M82 was observed on 2005 May 9 using the IRAC
instrument on board the Spitzer space telescope as part of the primary SINGS pro-
gram. The 3.6 µm IRAC image was downloaded from IRSA to assist in analyzing
the location of the dense molecular gas in the galaxy core. The image had a plate
scale of 0.′′75 pixel−1 and was photometrically calibrated to units of MJy sr−1 by the
SINGS IRAC reduction pipeline described in the SINGS data delivery document1.
Ground-based optical observations were performed as an ancillary component of
the SINGS program. Broadband B-, V -, and R-band images and a narrow-band Hα
image were retrieved from IRSA to assist in the photometric analysis of M82. These
observations were obtained on 2002 March 6 at the Kitt Peak 2.1 m telescope using
the CFIM imager. The Kitt Peak images had a plate scale of 0.′′304 pixel−1 and seeing
1The SINGS data delivery document can be downloaded from http://irsa.ipac.caltech.
edu/data/SPITZER/SINGS/doc/sings_fifth_delivery_v2.pdf
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of 0.′′556, 0.′′620, and 0.′′910 for the B-, V -, and R-band images and a seeing of 1.′′00
for the Hα image. The Hα observing procedure included both on-band and off-band
images. A continuum-free image of Hα emission was produced by subtracting the
off-band image from the on-band image. The photometric uncertainty in the Kitt
Peak optical images was estimated from the Poisson noise, which was computed using
the image counts, detector gain, and read noise. These properties were reported in
the retrieved image headers.
Estimating Distributions of Polarization and Color
There is a broad range of optical and NIR surface brightnesses across the lumi-
nous extent of M82. These ranges of values produce similarly broad ranges of uncer-
tainties in each of the Stokes parameters. Thus, quantities derived from the Stokes
parameters, such as P , PA, or photometric color, also have broad ranges of uncer-
tainties. Furthermore, although the Stokes parameters are normally distributed, the
uncertainties in the quantities derived from them are often not normally distributed.
When estimating probability distributions of these derived quantities, some fi-
nite bin-widths for the histograms of the distributions must be selected. However,
because of the broad ranges of uncertainties associated with these quantities, no single
bin width properly captures the variation in the uncertainties or the non-Gaussian
nature of the uncertainties themselves. Thus, a Monte Carlo (MC) approach was
used to estimate the distributions of quantities derived from the Stokes parameters.
Unless otherwise noted, the following procedure was used to generate distribu-
tions of quantities derived from the Stokes parameters across each selected region of
M82. The Stokes parameters are normally distributed, so the value of each Stokes
parameter for each image pixel was replaced by random MC samples drawn from
a Gaussian distribution. The mean of the Gaussian distribution was set equal to
the value of the Stokes parameter for that pixel, and the width of the Gaussian
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distribution was set equal to the uncertainty in the Stokes parameter for the same
pixel.
The MC samples for each pixel were accumulated into a final set of samples to
represent the full distribution of Stokes parameter values for all the pixels across the
selected region(s) of M82. The full set of Stokes parameter samples were transformed
into the derived quantities using the appropriate equation(s) (e.g., Equation 4.4 in
the case of deriving the polarization state P and PA). The final histogram for the
derived quantity was generated using full set of transformed samples and bin sizes
which well sample the aggregate distribution function.
Characterizing Angular Distributions
Distributions of angular quantities (such as PA) may be aliased due to the fact
that an angle θ has an equivalent representation as θ ± n× 360◦ (or PA± n× 180◦)
where n is an integer. This can be ameliorated by independently characterizing the
sin(θ) and cos(θ) values, then recomputing the characteristic angle as
〈x〉 = 〈cos(θ)〉 = 〈cos(2PA)〉
〈y〉 = 〈sin(θ)〉 = 〈sin(2PA)〉
〈θ〉 = arctan (〈y〉/〈x〉) 180◦
pi rad
〈PA〉 = 0.5 arctan (〈y〉/〈x〉) 180◦
pi rad
,
(4.5)
where the 〈·〉 brackets represent the median or mean characterization of a set of
values. This procedure returns the expected result of 0◦ in the previous example and
can be used to characterize the median or mean of any set of angles, such as the MC
samples of a derived PA distribution.
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4.4 Analysis
4.4.1 Intensity and Color
Images of Stokes I and photometric color show the distributions of both stel-
lar light and dust extinction. This provides context for interpreting the detected
polarization.
The Kitt Peak optical and Mimir NIR Stokes I images were photometrically
calibrated by performing aperture photometry of stars in the field. The resulting
magnitudes were matched to the corresponding entries in the APASS catalog (Henden
& Munari 2014) for the optical calibration and the 2MASS catalog (Skrutskie et al.
2006) for the NIR calibration.
A zero-point magnitude and a first-order color-correction term were derived
from the matched photometry by fitting the relations
(mcal −mobs)λ1 = C0λ1 + C1λ1 × (mλ1 −mλ2)obs
(mcal −mobs)λ2 = C0λ2 + C1λ2 × (mλ1 −mλ2)obs
(mλ1 −mλ2)cal = C0λ1λ2 + C1λ1λ2 × (mλ1 −mλ2)obs,
(4.6)
where C0 is the zero-point offset between the instrumental system and the cali-
brated photometric system, and C1 is the coefficient of the color-correction term for
the instrumental system. The λ subscripts indicate wavebands, the “cal” subscript
indicates magnitudes or colors of the calibrated catalog entries, and the “obs” sub-
script indicates the observed instrumental magnitudes from the Kitt Peak or Mimir
frames.
The derived regression coefficients were used to compute the calibrated flux in
each pixel using the equation
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I = f0 × 10−0.4×mcal/dΩ (4.7)
where f0 is the zero-point flux in units of Jy provided by Skrutskie et al. (2006)
for NIR bands and Bessell et al. (1998) for optical bands, mcal is the calibrated
magnitude of each pixel computed by applying Equations 4.6 to each pixel, dΩ is the
solid angle of a single pixel in units of arcsec−2, and I is the calibrated intensity of
each pixel in units of Jy arcsec−2.
The Kitt Peak V -band and Mimir H-band intensity images are shown in Fig-
ures 4.2 and 4.3, respectively, as examples of the optical and NIR light distributions
of M82. The 1σ sensitivities of these photometric images are 0.165 µJy arcsec−2
at V -band and 1.4 µJy arcsec−2 at H-band. The point spread functions (PSFs) of
these images have full widths at half maximum (FWHM) of 1.′′1 in V -band and 2.′′1
in H-band.
The luminous material in M82 extends over a much greater solid angle at optical
wavelengths than in the NIR. The optical image also shows filamentary extinction
dust features within the disk, especially toward the bright galaxy core where the dust
features appear in high contrast.
The NIR image of M82 is much smoother, showing no clear indications of dusty
filaments. As a point of reference, the sky-location of the brightest, central pixel at
Ks-band was determined to be α2000 = 9
h 55m 52.09s and δ2000 = 69
◦ 40′ 48.′′0. The
significantly lower dust extinction at these wavelengths enables H- and Ks- band
observations to probe deeply into the bright, starbursting core of the galaxy. Peering
through the dust, the excess in NIR surface brightness at the core suggests this region
is ∼ 25′′ (400 pc) in diameter. The H-band image also shows that there are several
“hot spots,” located at the far ends up the bright NIR core, likely indicating localized
clumps of intense star formation.
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Fig. 4.2: Log-scaled V -band intensity image of M82 from the Kitt Peak 2.1 m
telescope. The white contour represents 15 times the sky noise level.
The photometric color of light provides some clues about the possible source
of polarization. The inverse relationship between the interaction cross-section of
dust grains and wavelength (Strutt 1871a) simultaneously causes scattered light to
be bluer than the illuminating source and transmitted light to be redder than the
background emitting source. Color maps of M82 were generated using the Kitt Peak
optical data and the Mimir Stokes I NIR data to examine relationships between
polarization and photometric color.
Hα emission constitutes up to 30% of the R-band flux in parts of the bipolar
winds (see Figure 4.25 below). Thus, any color map constructed from the R-band
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Fig. 4.3: Log-scaled H-band intensity image of M82 from Mimir. The white contour
represents 15 times the sky noise level. Note that the field size displayed here is
smaller than in the previous figure.
image will be affected by this Hα emission. This makes it unclear whether the
photometric color measured in such a color map is due purely to selective extinction
or is biased by bright Hα light. Inspection of optical spectroscopic observations of
M82 by Gavazzi et al. (2004) indicated that the B- and V -bands do not include
any bright emission features which might introduce similar ambiguities. The lack of
strong spectral features in B- and V -bands makes B−V a better color tracer than
V −R.
The B−V color map was constructed from the calibrated Kitt Peak images
and shown in Figure 4.4. In this map, red colors indicate regions of higher selective
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Fig. 4.4: B−V color map of M82 computed from the Kitt Peak B- and V -band
images. Regions dimmer than 5 times the sky background noise in either B- or V -
band were masked. The color of the sun (B−V = 0.653 mag, Ramı´rez et al. 2012) is
marked by the white line in the color bar at the top of the figure. For reference, the
thin black contour near the center of the galaxy traces the locus of H−Ks = 0.4 mag
values (see Figure 4.5).
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Fig. 4.5: H−Ksmap of the central region of M82. The x- and y-axes indicate
the position relative to the Ks-band scattering center determined in Section 4.4.2.
Regions dimmer than 15 times the sky background noise in eitherH- orKs-band were
masked. For reference, a black contour was drawn at H −Ks = 0.4 mag. The black
and white filled circles mark the positions of supernova remnants and HII regions,
respectively, from Fenech et al. (2008). The color of the sun (H−Ks = 0.076 mag,
Casagrande et al. 2012) is marked by the white line in the color bar.
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extinction. The B−V map shows that much of the extended galaxy is relatively blue,
with colors in the 0.4 to 0.6 mag range. This is especially true in the southern lobe
of the bipolar wind, suggesting the light from this region is predominantly scattered
light with little intervening dusty, extincting material. There is an extended red
feature in the eastern half of the northern wind lobe. This feature likely indicates
that a concentration of dust was launched out of the plane of the galaxy by the
polar outflow. The dusty mid-plane of M82 shows indications of reddening from
selective extinction. The red bands in this region stretch along the major axis and
form two twisted “arms,” which trace the same shape as the infrared spiral arms
reported in Mayya et al. (2005). The formation of these arms was likely triggered by
a gravitational interaction with the nearby, massive galaxy M81 (Brassington et al.
2015; Sun et al. 2005).
The bipolar wind is not evident in the NIR color map of Figure 4.5. At NIR
wavelengths, the bright core of M82 shows a red color with H −Ks > 0.4 mag. The
outer portions of the galaxy, including the area not displayed in Figure 4.5, show a
relatively blue color, consistently in the range 0.20 < H −Ks < 0.25 mag.
The sky-locations of supernova remnants and HII regions detected by Fenech
et al. (2008) are indicated in Figure 4.5. These objects are all densely concentrated
within the red-colored core of the galaxy. Given this concentration of supernova
remnants, could emission features from supernova remnants dominate the Ks-band
flux? Lancon et al. (1996) performed high resolution NIR spectroscopy toward the
core of M82. The only Ks-band emission feature they found was the Br γ line with
a line-to-continuum ratio of ∼ 0.3%. Thus, the red H−Ks color in the core of M82
is due to reddening by dust and is not biased by emission lines in Ks-band.
The supernova remnants within the dusty core of the galaxy are likely a conse-
quence of the high-density of dense, dusty material there. The dense gas is fueling
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the starburst activity and thereby producing these supernovae and their remnants.
The expected radio-emitting lifetimes of these supernovae remnants is ∼ 1000 yr
(Fenech et al. 2008). Thus, the supernovae remnants must be located in regions of
relatively recent star formation, and star formation can only occur in locations where
there is ample cool, dense, dusty gas.
4.4.2 Inferring the Scattering Centers
The Stokes Q and U images for each waveband were further rebinned into
synthetic pixel with a plate scale of 1.′′56 pixel−1 to boost the polarization SNR in
each such pixel, though at the expense of angular resolution. The rebinned images
were combined using Equation 4.4 to produce P and PA maps of M82 at all four
wavebands. These rebinned PA maps were used to infer a center of scattering inde-
pendently for each waveband and identify which PAs are centrosymmetric, given the
inferred scattering center.
Modeling the Observed PAs
Singly-scattered light is polarized perpendicular to the plane-of-scattering (van
de Hulst 1981). In the case of M82, the wind lobes are illuminated by a combination
of the bright starbursting core and stellar disk light (which is also brightest near
the center of the galaxy). Thus, the PA of light polarized by scattering is generally
perpendicular to the line connecting the the sky-location of the observed PA and the
center of the galaxy.
The centers of symmetry were identified using a Bayesian Markov chain Monte
Carlo (MCMC) technique. The problem was framed in terms of a two component
Gaussian mixture model (Marin et al. 2005): a centrosymmetric distribution of PAs,
pc, plus a broader “background” distribution of non-centrosymmetric PAs, pb. This
Gaussian mixture model technique had the advantage of being robust against out-
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liers. Each observed PA in the image of synthetic pixels was treated as being drawn
from a linear combination of the centrosymmetric and non-centrosymmetric distri-
butions. Thus, non-centrosymmetric PAs were treated as being drawn from the non-
centrosymmetric distribution, leaving the inferred properties of the centrosymmetric
distribution relatively unaffected by these outliers.
The two model parameters of interest are xc and yc, which specify the sky-
location of the scattering center. Two additional “nuisance parameters” are included
in the model. The nuisance parameters are the relative probability of a given PA
being drawn from the centrosymmetric distribution, Pc, and a broadening parameter,
Vb, to allow the pb distribution to expand and encompass all non-centrosymmetric
PA values. In the following discussion, the full set of parameters will be represented
by θ ≡ (xc, yc, Pc, Vb).
There are four observationally-determined quantities associated with each syn-
thetic image pixel: the sky-location of the pixel, (xi, yi), the observed PA at that
sky-location, PAi, and the uncertainty in the observed PA, σPAi . For compactness,
the set of observational properties associated with the PA measured at each pixel is
defined to be ℵi ≡
(
xi, yi, σPAi
)
. In the following discussion, the full set of PAi from
all the pixels is represented by {PA}Ni=1, where the index i indicates the data from a
given pixel, and N indicates the total number of pixels. Analogous notation is used
to represent the full set of ℵi.
For a hypothetical scattering center (xc, yc), the position angle of a circularly
centrosymmetric PA having pixel sky-location (xi, yi) is given by
PAcirc (xi, yi,θ) =
∣∣∣arctan ((yi − yc)/(xi − xc))∣∣∣ 180◦
pi rad
, (4.8)
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which maps to the conventional PA range of 0 to 180◦. The finite size of each pixel
introduces an uncertainty in the sky-location of xi and yi that will be assumed to be
of order ±0.5 pixel. This propagates to an uncertainty in PAcirc (xi, yi,θ) given by
σPAcirc (xi, yi,θ) = arcsin
(
0.5/r
) 180◦
pi rad
, (4.9)
where r is the distance between (xi, yi) and (xc, yc), measured in pixels.
The absolute difference between the observed PAi and the predicted
PAcirc (xi, yi,θ) is given by
∆PA (PAi|xi, yi,θ) = 90◦ −
∣∣∣∣∣PAi − PAcirc (xi, yi,θ)∣∣− 90◦∣∣∣ . (4.10)
In the above equation, the inner absolute value computes the absolute difference be-
tween the centrosymmetric PA value and the observed PA value. The outer terms of
the equation remaps any differences greater than 90◦ to the equivalent value between
0◦ and 90◦, the maximal difference between two PAs. Thus, the above equation al-
ways returns a positive value for ∆PA. The computed ∆PA and has an associated
uncertainty of
σ∆PA (ℵi,θ) =
√
σ2PAi +
(
σPAcirc (xi, yi,θ)
)2
, (4.11)
where σPAi is given by Equation 3.10.
For this model, given a sky-location (xi, yi), an uncertainty σPAi , and model
parameters θ, the frequency distribution pc (PAi|ℵi,θ) is
pc (PAi|ℵi,θ) = 1√
2piσ2∆PA
exp
[
−0.5
(
∆PA
σ∆PA
)2]
, (4.12)
where the explicit arguments of ∆PA and σ∆PA have been dropped for compactness.
This function represents the expected frequency (in a hypothetical set of repeated
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observations at sky-location (xi, yi) with precision σPAi) of getting a value in the
infinitesimal range [PAi,PAi + dPA] per unit dPA.
The non-centrosymetric PAs were modeled as being drawn from a separate
Gaussian distribution with a mean centered at ∆PA = 90◦ (maximally non-
centrosymmetric) and having a broader width set by the Vb parameter. Thus, the
frequency distribution pb (PAi|ℵi,θ) was assumed to be
pb (PAi|ℵi,θ) = 1√
2piσ2b
exp
[
−0.5
(
∆PA− 90◦
σb
)2]
, (4.13)
where σb =
√
σ2∆PA + Vb is the Gaussian width of the outlier distribution including
the additional variance term. This is not a precise model of the non-centrosymmetric
data, but the above treatment proved to be sufficient in practice. As long as the model
for the centrosymmetric data is decent, the MCMC iterations will find a value of Vb
which captures any value of ∆PA not well-modeled by pc. This is further explored
in Section 4.4.2 below.
Equations 4.12 and 4.13 were combined using another parameter, Pc, which
describes the prior probability that a given PAi is drawn from the centrosymmetric
distribution. In the ideal case where it could be known a priori which pixels have
PAs drawn from the pc distribution, the Pc parameter would simply be equal to the
fraction of pixels having PAs drawn from the centrosymmetric distribution, pc. Thus,
in the combined model, the polarizations were modeled as being drawn from the cen-
trosymmetric distribution with a probability of Pc and from the non-centrosymmetric
distribution with a probability of (1−Pc). This yielded a final likelihood function of
L
(
{PA}Ni=1
∣∣∣{ℵ}Ni=1 ,θ) = N∏
i=1
[
Pc · pc (PAi|ℵi,θ) + (1−Pc) · pb (PAi|ℵi,θ)
]
. (4.14)
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Bayes’ theorem provides a means to calculate the probability that a set of model
parameters is accurate given a set of observations drawn from that model. In this
case, Bayes’ theorem provides the relation
p
(
θ
∣∣∣{ℵ}Ni=1 , {PA}Ni=1) = p
(
{PA}Ni=1
∣∣∣{ℵ}Ni=1 ,θ)× p(θ)
p
(
{ℵ}Ni=1 ,θ
) . (4.15)
The left-hand side is the posterior PDF, which describes the probability of a set of
model parameters (θ) being accurate, given the observations contained in {ℵ}Ni=1
and {PA}Ni=1. This is the PDF from which random samples were drawn to estimate
the model parameters.
The first term in the numerator on the right-hand side, p
(
{PA}Ni=1
∣∣∣{ℵ}Ni=1 ,θ),
is the likelihood function of Equation 4.14. The second term in the numerator, p(θ),
is the prior probability of a given set of model parameters being the correct model
parameters. Little was known a priori about any given parameter in θ, so a uniform
top-hat function was used for p (θ). This function returned a value of one for input
θ between a set of selected boundaries and a value of zero for input θ outside of
those boundaries. The boundaries of this function were set so that xc and yc were
constrained to be within 10 pixels of the Ks-band central bright peak. The other
two parameters were constrained to the ranges Pc ∈ [0, 1] and Vb ∈ [e−1, e+1] rad.
The denominator of Equation 4.15 is effectively a normalization constant. How-
ever, since the MCMC sampling process only depends upon the relative value of the
posterior PDF, this term was set to unity.
The posterior distribution was sampled using the emcee package (Foreman-
Mackey et al. 2013), which generates random samples from the provided posterior
PDF. At each step in the MCMC sampling process, the terms of the Likelihood
function were stored for later use in computing the “membership probability” of
each pixel, the probability of being drawn from the centrosymmetric distribution.
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Computing the Membership Probabilities of Pixels
It is possible to compute the relative probability that the PAi associated with
a given pixel was drawn from the centrosymmetric distribution using the samples
drawn from the posterior PDF (Jaynes 2003; Hastie et al. 2009). Computing the
membership probability requires first computing the relative contribution of the cen-
trosymmetric term in the Likelihood function for each sample of parameter values
from the posterior PDF. This is denoted as
γi,j =
Pc,j · pc
(
PAi
∣∣ℵi,θj)
Pc,j · pc
(
PAi
∣∣ℵi,θj)+ (1− Pc,j) · pb (PAi∣∣ℵi,θj) (4.16)
where the j subscripts indicates the j-th sample of parameter values from the pos-
terior PDF. Using these terms, the membership probability for the i-th pixel was
computed as
pii =
1
M
M∑
j=1
γi,j (4.17)
where M represents the total number of samples drawn from the posterior PDF by
the MCMC sampling process. A large value of pii indicates that, on average, the
associated PAi value is better modeled by the centrosymmetric distribution while
a low value of pii indicates that, on average, the associated PAi is better modeled
by the non-centrosymmetric distribution. In the following sections, any PAi with
associated values of pii lower than 50% was considered non-centrosymmetric and
thus poorly represents the single-scattering phenomenon of interest in M82.
Testing the Procedure
The above procedure was tested by generating a synthetic test image filled with
mostly circularly-centrosymmetric PAi and some non-centrosymmetric PAi and at-
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tempting to recover the input parameters used to produce the image. The image was
200×200 pixels, containing centrosymmetric PAi values computed using Equation 4.8
and a center of symmetry located at (xc0, yc0) = (85.5, 72.5) pixels. A normally-
distributed, random dispersion of 6.◦5 was introduced into these centrosymmetric
PAi, and the PA uncertainty, σPAi , was also set to 6.
◦5 for all the pixels in the test
image. Three circular regions with randomly positioned centers, and radii of 10, 20,
and 30 pixels, were assigned non-centrosymmetric PAi values drawn from a uniform
distribution from 0◦ to 180◦. This produced an image with 89.1% of its pixels filled
with centrosymmetric PAi and 10.9% of its pixels filled with non-centrosymmetric
PAi.
The ∆PA term inside the exponential of the pb distribution in Equation 4.13 was
defined with reference to the center of symmetry, (xc, yc). There was some concern
that having the non-centrosymmetric distribution refer to the same center position
as the centrosymmetric distribution might bias the results of the procedure. The
possible effects of such a bias were examined by repeating the inference procedure
for a grid of 25 offset values spanning from −60 to +60 pixels in both the x and
y directions with 20 pixel spacing (relative to the centrosymmetric xc, yc center).
These offset positions were used as the reference point for the ∆PA term in the pb
distribution.
Figure 4.6 shows the 1-dimensional (1D) and 2-dimensional (2D) histograms of
the samples drawn from the posterior PDF generated using a test PA image. Each
histogram represents the marginalized PDF (integrated over all the variables not
shown in the histogram axes). The xc and yc samples were re-centered about their
median value for clarity. The widths of the nearly Gaussian distributions for xc and
yc indicate that the uncertainty in the inferred center of symmetry is σxc < 0.04 pixel.
The distribution of Pc samples indicates that the inferred fraction of centrosymmetric
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Fig. 4.6: The 1D and 2D histograms of the samples from the posterior PDF generated
using a test PA image. The 1D histograms along the diagonal show the distribution
of each model parameter, marginalized over all parameters except the one indicated
along the horizontal axis at the bottom of the figure. The 2D histograms show the
covariance between the two parameters indicated along the horizontal and vertical
axes at the bottom and left of the figure, respectively.
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pixels is 89.3%. This is very close to the true value of 89.1% reported above. The
distribution of ln(Vb/rad) values is centered at −0.205, which corresponds to a value
of Vb ≈ 47◦. This indicates the inferred pb distribution has a Gaussian width of 47◦.
Figure 4.7 shows an example test PA image with the inferred sky-location
of (xc, yc) indicated by the black cross. The inferred scattering center was within
0.1 pixel of the true center for all 25 of the tested offset positions for pb. Thus, the
inference procedure is not significantly affected by the particular reference point for
the ∆PA term in the pb distribution.
A map of the membership probabilities for the test image is shown in Figure 4.8.
The pixels with centrosymmetric PAs have very high values of pi, indicating a high
probability of being drawn from the pc distribution, while the non-centrosymmetric
PAs generally have very low values of pi, indicating a high probability of being drawn
from the pb distribution.
There are some centrosymmetric pixels with relatively low values of pi. These
pixels invariably have higher values of ∆PA due to the random noise added. This
indicates that random measurement errors will produce some “false-negative” mem-
bership probabilities, pixels with PAs which are actually centrosymmetric but register
as non-centrosymmetric due to the high degree of measurement error.
Conversely, there are some pixels in the circular non-centrosymmetric regions
with relatively high values of pi. These pixels invariably have low values of ∆PA (when
centered about the inferred (xc, yc) rather than the offset value). High pi values are
expected for such pixels because the non-centrosymmetric PAs were drawn from a
uniform distribution spanning 0◦ to 180◦. Thus, some of the randomly generated
non-centrosymmetric PAs will be very close to the centrosymmetric values. These
are “false-positives,” pixels which were actually drawn from the non-centrosymmetric
distribution but register as centrosymmetric.
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Fig. 4.7: An example PA map used in testing the Bayesian MCMC inference pro-
cedure. The white cross indicates the sky-location of the inferred scattering center,
and the white dot indicates the offset reference position for the ∆PA term in the pb
distribution.
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Fig. 4.8: A map of the membership probabilities (pi) for each PA from Figure 4.7.
The inferred scattering center is indicated by the white cross, and the offset reference
position for the pb distribution is indicated by the white dot. The whiter pixels have
higher levels of pi, indicating a high probability of being drawn from the pc distribu-
tion, while the blacker pixels have lower values of pi, indicating a high probability of
being drawn from the pb distribution.
198
0.0 0.2 0.4 0.6 0.8 1.0
pi
101
102
103
104
N
u
m
b
e
r 
o
f 
P
ix
e
ls
not cen. sym.
cen. sym.
Fig. 4.9: The stacked distributions of membership probabilities (pi) across the entire
test image. The black bars indicate the distribution of pi values for the pixels which
were given centrosymmetric PAs, and the gray bars indicate the distribution of pi
values for the pixels within the circular zones having non-centrosymmetric PAs. Note
the clean divide between centrosymmetric and non-centrosymmetric pi.
In general, the value of pi serves as a powerful indicator regarding the probability
of being drawn from the centrosymmetric distribution. The degree to which pixels
are cleanly divided into centrosymmetric vs. non-centrosymmetric is readily seen in
Figure 4.9, which shows the histogram of all the values of pi from Figure 4.8. The non-
centrosymmetric PAs, shown by the gray bars, are almost entirely clustered around
the value pi = 0, with the exception of a small number of false-positives with pi ≈ 1.
The remaining pixels are mostly clustered around the value pi = 1. Thus, pi can be
used to differentiate which pixels of a PA image were drawn from the centrosymmetric
distribution and which pixels were drawn from the non-centrosymmetric distribution.
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Applying the Procedure to Observations of M82
The Bayesian MCMC inference procedure was applied to M82, independently
for each of the four observed wavebands. The sampled posterior distributions for the
xc and yc parameters were very nearly bivariate Gaussians at all four wavebands.
Thus, the symmetry of the distributions permitted the median values of these sam-
pled distributions to be used as estimators for the scattering center sky-locations.
The covariance matrices of the samples from the posterior distributions were also
computed for each waveband. The square root of the diagonal elements of these ma-
trices indicate the approximate uncertainties in the sky-locations of the scattering
centers along x- and y-axes, which correspond to the RA and Dec axes, respectively.
The Pearson correlation coefficient (ρ, Pearson 1895) was also computed from
the covariance matrix. The correlation coefficient indicates the relative magnitudes
of the semi-major and semi-minor axes of the error-ellipse of the bivariate Gaus-
sian. A coefficient of zero indicates a perfectly circular error-ellipse, and a coefficient
with a large absolute value indicates a highly elliptical error-ellipse. The correlation
coefficient also indicates the orientation of the semi-major axis with respect to the
horizontal axis. Positive coefficients indicate the semi-major axis is rotated counter-
clockwise from the horizontal axis, and negative coefficients indicate the semi-major
axis is rotated clockwise from the horizontal axis.
The sky-locations for each waveband and the parameters of the associated error-
ellipses for those estimated locations are reported in Table 4.1. The error ellipses are
significantly non-circular at all four wavebands. The eccentricities and orientations
of the error-ellipses seem to depend on the relative sky-locations of the centrosym-
metric PAs with respect to the scattering center. At the optical wavebands, the
centrosymmetric PAs are predominantly located in the wind lobes to the northwest
and southeast of the galaxy center (see Figures 4.11-4.12). Thus, the sky-location
200
Table 4.1. Relative positions of scattering centers
Waveband RA Dec σRA σDec ρ σmaj. σmin.
′′ ′′ ′′ ′′ ′′ ′′
V -7.818 4.142 0.005 0.005 0.75 0.092 0.035
R -7.1973 2.6848 0.0033 0.0018 0.76 0.068 0.023
H -2.292 -0.6598 0.005 0.0015 -0.18 0.071 0.037
Ks -1.163 -2.2960 0.013 0.0030 -0.71 0.12 0.036
Note. — Positions are defined relative to the Ks-band intensity peak located at
J2000 coordinates (RA, Dec): (9h 55m 52.09s, 69◦ 40′ 48.′′0).
of the scattering center is well determined along the axis perpendicular to the wind
lobes. Conversely, there is a dearth of centrosymmetric PAs in the galaxy mid-plane
at optical wavelengths, which causes a larger uncertainty in the scattering center
sky-location along the axis perpendicular to the mid-plane. The reverse situation is
true at NIR wavebands where the majority of the centrosymmetric PAs are located
within the stellar disk of the galaxy (see Figures 4.13-4.14).
The scattering center sky-locations are also shown in Figure 4.10 using error
ellipses, scaled by a factor of 30 for clarity. There is a monotonic shift in scattering
center sky-location as a function of wavelength. The V -band scattering center is
located ∼8.′′5 to the northwest of the Ks-band scattering center. Longer wavelength
scattering center sky-locations are located closer to the bright NIR peak of the galaxy.
Given this monotonic relationship, the intermediate wavelength scattering centers for
I-band (0.81 µm) and J-band (1.2 µm) are predicted to be located between the R-
and H-band scattering centers.
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Fig. 4.10: The scattering centers of M82 at each wavelength, plotted as colored
ellipses, on the H−Ks color map. The size and orientation of each ellipse indicates
the uncertainty in the scattering center position, multiplied by a factor of 30 for
clarity. The axes indicate offsets from the Ks-band peak intensity, and the black
contour traces the H −Ks = 0.4 mag level for reference.
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4.4.3 PA maps
The rebinned PA maps of M82 for all four wavebands are shown in Figures 4.11-
4.14. Masks were developed to select high-quality centrosymmetric PAs. All pixels
whose associated photometric intensities were fainter than 15 times the sky noise level
were covered with an opaque, white mask. The optical PAs in the pixels located more
than 160′′ from the scattering center quickly degrade into a noise-dominated regime.
Thus, all pixels with P/σP < 3 or more than 160
′′ from the scattering center were
covered with a semi-opaque, white mask.
The PAs at optical wavelengths are highly centrosymmetric in the polar regions
where the wind has deposited scattering dust (Bingham et al. 1976; Ohyama et al.
2002; Coker et al. 2013). The centrosymetry of the PAs indicate that the observa-
tions are predominantly produced by single scattering, as any intervening layers of
magnetically-aligned dust having significant opacity would modulate the PAs and
disrupt the symmetry.
There is a ∼ 0.′5 wide strip of non-centrosymmetric PAs stretching along the ma-
jor axis, bounded by the black contours in the V - and R-band PA maps (Figures 4.11
and 4.12). There is a small patch, located 15′′ to 30′′ to the southwest of the mean
scattering center, where the the observed PAs are ∼ 80◦ from centrosymetry. The
fact that these PAs are almost perfectly orthogonal to a centrosymmetric orienta-
tion indicates that they are produced almost entirely via non-scattering processes.
The cause of these non-centrosymmetric PAs will be discussed at greater length in
Section 4.4.4.
The concentration of centrosymmetric PAs along the minor axis of M82 reflects
the expected geometry of disk galaxies. Light from the bright galaxy center can
travel into the polar regions where it is single-scattered into the line-of-sight. This
light travels relatively unimpeded to Earth with its single-scattering PA signature
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Fig. 4.11: V -band PA map of M82. The color indicates the PA orientation in
degrees east of north. The black contour outlines the region of non-centrosymmetric
PAs identified in Section 4.4.2. The scattering center at V -band is marked with a
white cross. The black circled cross marks a foreground star, which was masked from
analysis. All pixels with P/σP < 3 or located more than 160
′′ from the scattering
center are covered with a semi-opaque mask.
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Fig. 4.12: Same as Figure 4.11 but for R-band.
intact. On the other hand, dusty material in the galaxy mid-plane provides additional
extincting and polarizing layers. These layers attenuate the scattered light escaping
the galaxy to yield a concentration of non-centrosymmetric polarizations along the
mid-plane. This also seems to be the case in the northern wind lobe where there is
an intervening layer of reddening dust in the eastern half of the lobe, as seen in the
B−V color map of Figure 4.4. The PAs co-located with this reddening layer are less
centrosymmetric than the PAs in the western half of the northern wind lobe, where
there are no apparent intervening dust layers.
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Fig. 4.13: H-band PA map of the central region of M82. The x- and y-axes indi-
cate the position relative to the Ks-band intensity peak reported in Section 4.4.1.
The scattering center at H-band is marked with a white cross, and the black con-
tours surround regions which were classified as non-centrosymmetric. All pixels with
P/σP < 3 or located more that 60
′′ from the scattering center are covered with a
semi-opaque white mask.
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Fig. 4.14: The same as Figure 4.13 but for Ks-band.
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The region of non-centrosymmetric PAs has a similar shape to, and is located
a few arcseconds north of, the red arms seen in the B−V color map of Figure 4.4.
Thus, much of the southern halves of the red arms were classified as centrosymmetric
PAs, and some of the bluer light just to the north of the arms was classified as non-
centrosymmetric. This created a bimodal distribution of photometric colors within
the pixels classified as exhibiting non-centrosymmetric PAs. This bimodality is shown
in the top pannel of Figure 4.28, below.
Significantly brighter Hα emission in the southern wind lobe suggests that the
81.◦6 inclination of M82 (Mayya et al. 2005) is oriented with its southern pole more
strongly directed toward the Earth (Ohyama et al. 2002). Thus, the scattered light
from the southern wind lobe is predominantly forward-scattered. If the opening angle
of the northern wind lobe is greater than 90◦− 81.6◦ = 8.4◦, then the dusty material
will fill a cone with only a fraction of its volume on the near side of the plane of
the sky. Thus, the scattered light from the northern lobe will be a mixture of back-
scattering and forward-scattering. Given the ∼ 55◦ estimated opening angle for the
wind lobes of M82 (Coker et al. 2013; Walter et al. 2002) and the strong forward-
scattering nature of interstellar dust grains (Henyey & Greenstein 1941; Draine 2003),
it is likely that the northern wind lobe is also dominated by forward-scattered light.
The H- and Ks-band PA maps for the central region are shown in Figures 4.13
and 4.14, respectively. Similar statistical cuts were made to select high quality,
centrosymmetric PAs. All pixels fainter than 15 times the sky noise level were covered
with an opaque, white mask. At these NIR wavelengths, only pixels within 60′′ of the
bright galaxy center shows significant levels of polarization, so potentially spurious
polarizations with P/σP < 3 or located outside a 60
′′ radius were covered with a
semi-opaque, white mask.
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At H-band, the non-centrosymmetric PAs are generally located along the galaxy
mid-plane while the centrosymmetric PAs extend slightly farther along the minor
axis. Only pixels within a roughly 60′′×20′′ oval have detectable levels of polariza-
tion in Ks-band. The Ks-band PAs along the mid-plane are also generally non-
centrosymmetric with the exception of a large patch of centrosymmetric PAs located
∼ 15′′ to the northeast of the scattering center. There are also thin bands of cen-
trosymmetric PAs above and below the mid-plane. Again, any influence from inter-
vening layers of magnetically-aligned dust grains would disrupt the centrosymmetric
signature of single-scattering. Thus, where centrosymmetric PAs are detected, the
predominant source of polarization was assumed to be single scattering. The well-
preserved centrosymmetry also suggests that the singly-scattered light is not highly
modulated by dust within the central region of the galaxy. This is only possible
because extinction from interstellar dust at NIR wavelengths is ∼ 10% of its value
at optical wavelengths (Cardelli et al. 1989; Fitzpatrick & Massa 2007, 2009).
4.4.4 Interpretation of Centrosymmetric and Non-Centrosymmetric PA
Departures from Circular Centrosymmetry: ∆PA Maps
Although it may not be easily noted by direct visual inspection of the PA
maps presented above, the PAs in the wind lobes of M82 significantly depart from
perfectly circular centrosymmetry. A signed version of ∆PA from Equation 4.10
was constructed to examine the level and relative direction of these departures. In
the constructed formulation, negative ∆PA values indicate that the observed PA
is rotated clockwise with respect to the PAcirc given by Equation 4.8, and positive
values indicate that the observed PA is rotated counter-clockwise with respect to
PAcirc. Maps of the signed ∆PA value were computed for optical wavebands and are
shown in Figures 4.15 and 4.16. The signed ∆PA map for H-band data is shown in
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Fig. 4.15: Map of the V -band PA departure from perfect, circular centrosymmetry.
Negative and positive values indicate that the observed PA is rotated clockwise and
counter-clockwise, respectively, relative to the circular centrosymmetric value at that
sky-location. The same semi-opaque mask from Figure 4.11 was applied to this map
to highlight regions with P/σP > 3. The black contour denotes non-centrosymmetric
regions, as determined in Section 4.4.2. The white contour denotes regions where
|∆PA| > 45◦. Note the point symmetry in ∆PA about the galaxy center and the
consistently positive ∆PA values within the non-centrosymmetric regions.
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Fig. 4.16: The same as Figure 4.15 but for R-band. Again, note the point symme-
try ∆PA pattern in the halo region and the positive ∆PA values within the non-
centrosymmetric regions.
Figure 4.17. The low number of PAs detected outside the Ks-band midplane prevent
a similar analysis from being performed, so the Ks-band ∆PA map is not shown.
The PAs located on the counter-clockwise side of the minor axis exhibit clock-
wise rotated PAs, and the PAs located on the clockwise side of the minor axis exhibit
counterclockwise rotated PAs. This overall pattern represents a systematic departure
from circular centrosymmetry toward elliptical centrosymmetry (Solinger & Markert
1975). This is an indication that the illuminating light source is not truly a point
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Fig. 4.17: The same as Figure 4.15 but for H-band. A semi-opaque mask covers
all pixels outside the central 60′′ region, beyond which most pixels have P/σP < 3.
Some of the pixels within the central 60′′ also have P/σP < 3, but taken in aggregate,
the central region shows the same point-symmetric ∆PA pattern as seen in V - and
R-band.
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source. Rather, the illuminating source of light is a bright, central, starburst region
extending over a finite region, plus a dispersed disk of stars.
For pixels located closer to the stellar disk, a larger fraction of the scattered
light originates in the stellar disk. Thus, the scattered light from those sky-locations
show PAs produced by a combination of scattered light from the central starburst
and scattered light from the stellar disk. The contribution of scattered stellar disk
light re-orients the observed PA to be closer to disk-parallel orientation. This net
effect produces the point-symmetry seen in the halo of M82 in Figures 4.15 through
4.17.
Any physical extent of the illuminating light source along the galaxy major axis
would produce PAs with elliptical, rather than circular, centrosymmetry. Thus, the
±30′′ (0.5 kpc) extent of the central starburst region seems to illuminate the halo
in such a way as to produce a slightly squashed elliptical PA pattern. The added
contribution from the stellar disk, which spans a much larger physical extent, further
drives the observed PA pattern toward elliptical centrosymmetry.
Given a suitable model for the luminosity distribution of the stellar disk of
M82 and the starburst region, these departures from circular centrosymmetry could
be used to infer the luminosity of the extended starburst region relative that of
to the stellar disk. This was originally done by Solinger & Markert (1975) using a
much smaller number of measurements (taken from Elvius (1962), Elvius (1969), and
Visvanathan & Sandage (1972)) and assuming a single, bright, point source to model
the core of M82. However, NIR observations in the intervening years have revealed
that there is no single, dominant, nuclear point source in the center of M82 (Dietz
et al. 1986, 1989; Telesco et al. 1991). Rather, the core of the galaxy is itself an
extended region filled with “super star clusters” (Melo et al. 2005; Lim et al. 2013).
Thus, using an extended, bright disk to model the starburst region would likely yield
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more accurate results. Such detailed modeling calculations are beyond the scope of
this study.
Examination of the ∆PA maps shown in Figures 4.15 through 4.17 indicate
that the non-centrosymmetric PAs, outlined in black contours, exhibit consistently
positive ∆PA values. This indicates that these PAs have all been rotated away from a
centrosymmetric orientation in the same direction. These non-centrosymmetric PAs
can be further divided into two sub-populations: one having |∆PA| < 45◦ (closer
to a centrosymmetric orientation than to a radial orientation) and the other having
|∆PA| ≥ 45◦ (closer to a radial orientation than to a centrosymmetric orientation).
The locations of the pixels in these sub-populations are indicated by the black
and white contour in Figures 4.15 through 4.17. The pixels in the |∆PA| < 45◦ sub-
population occupy the majority of the non-centrosymmetric region, which extends
along the major axis of M82. The pixels in the |∆PA| ≥ 45◦ sub-population are
mostly concentrated in two clumps: one smaller clump located immediately to the
northeast of the galaxy center and the other, larger, clump located ∼ 30′′ to the
southwest of the galaxy center.
The Centrally-Concentrated Illumination of the M82 Halo
Given these departures from circular centrosymmetry, is it accurate to consider
the dusty halo of M82 as being illuminated by a centrally-concentrated light source?
It is instructive to consider the extreme case of a “naked,” radially-exponential, stellar
disk with no starburst region and no bright central point source. The brightness of
such a stellar disk is still sharply peaked at its center. Solinger & Markert (1975)
modeled the emergent PA pattern of the light scattered by a dusty halo around a
radially-exponential, stellar disk and predicted that the PA pattern would exhibit
nearly circular centrosymmetry. Thus, even a naked stellar disk can be considered
to provide a fair degree of centrally-concentrated illumination. In the case of M82,
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the starburst region provides an even greater degree of central concentration to the
illumination than a radially-exponential disk.
For a dusty medium illuminated by multiple light sources, the PA of the scat-
tered light approximately indicates the average direction from which the scattered
photons arrived (Bohren & Huffman 2008). Thus, the PA of each pixel in the halo of
M82 can be used to “point back” along the approximate average direction of illumi-
nation for the dusty material at the sky-location of that pixel. This relationship is
illustrated in Figure 4.18. The average direction of illumination for a given pixel can
be determined by drawing a line which passes through that pixel and is perpendicular
to the PA of that pixel. The offset between location where this line intersects the
major axis of the galaxy and the scattering center is the major axis offset (∆s) of
the average direction of illumination for that pixel.
The distribution of ∆s values obtained from the pixels having centrosymmetric
PA provides insight into the degree to which the illumination of the dusty halo is
centrally-concentrated. A distributed source of illumination is expected to produce
an elliptical centrosymmetric PA pattern (Solinger & Markert 1975), which results
in a broader distribution of ∆s values. A perfectly-concentrated point-source of
illumination is expected to produce a perfectly-circular centrosymmetric PA pattern
(Bohren & Huffman 2008), which results in a narrow distribution of ∆s values and
a width resulting only from measurement uncertainty.
The degree to which the illumination of the dusty halo in M82 is centrally-
concentrated was assessed by examination of the distribution of ∆s values for the
centrosymmetric pixels of M82. Separate distributions were computed for V -, R-,
and H-band data using the MC procedure described in Section 4.3. Intersection
points to the northeast of the scattering center were considered to have ∆s < 0, and
intersection points to the southwest of the scattering center were considered to have
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Fig. 4.18: Illustration of the projected major axis offset for a single PA in M82.
The black ellipse and bisecting line represent the disk and major axis of the galaxy,
respectively. The red line segment represents a single PA measurement at a specific
image pixel. The gray line, which passes through that pixel and is perpendicular to
the associated PA, represents the approximate average direction of illumination for
the scattered light in that pixel. The major axis offset (∆s) is the offset between
the scattering center and the location where the gray line intersects the major axis
of the galaxy.
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Fig. 4.19: Histograms of the major axis intercept positions of the centrosymmetric
PAs normalized by their peak value. The V - and R-band data are shown in blue and
red bins, respectively. The H-band data are represented by the black distribution
outline. The vertical axis is log-scaled to emphasize the slight differences between
the distributions. The vertical, dotted lines indicate the ±30′′ range described in the
text. Note the extremely sharp peak about the the value ∆s = 0 at all three bands.
∆s > 0. For this analysis, the major axis of M82 was assumed to have a position
angle (PAgal) of 70.0
◦ east or north (Mitronova et al. 2004) and to pass through the
scattering center for each waveband, as determined in Section 4.4.2.
The histograms of ∆s values are shown in Figure 4.19. The distributions of
major axis offsets are strongly peaked about the scattering centers. At V - and R-
band, 70% of the offsets fall in the range −30′′ < ∆s < +30′′, and 80% of the
offsets fall within the same range at H-band. This 60′′ length roughly corresponds
to the extent of the central star-forming region (e.g., see the H−Ks color map and
supernova remnant locations in Figure 4.5). This suggests that the majority of the
illumination of the M82 halo is provided by this central, extended light source.
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The Cause of the Non-Centrosymmetric PAs
There are three basic polarizing mechanisms which might be responsible for
the observed optical and NIR polarization from M82. The first is single scattering,
which produces high values of P with a centrosymmetric PA pattern. The second is
dichroism, which produces lower values of P with PAs parallel to the Bpos threading
the intervening dusty material. The B-field in a disk galaxy such as M82 is generally
expected to be parallel to the plane of the disk (Ruzmaikin et al. 1988; Brandenburg
2015). Thus, light polarized mostly by dichroism due to magnetically-aligned dust
grains is expected have a PA roughly parallel to the galaxy major axis (PAgal). The
third mechanism is a “crossed-polaroid” effect, which is a consequence of dichroism
from magnetically-aligned dust grains acting on polarized (rather than unpolarized)
background light. If the direction of grain alignment is at an oblique angle to the PA
of the incident polarized light, then dichroism will partially cancel the polarization
of the background light and reduce the net P of the transmitted light. The crossed-
polaroid effect also modulates the PA of the transmitted light in the direction of
Bpos. This mechanism may operate when there are multiple polarizing layers of
magnetically-aligned dust along the line-of-sight toward a light source. In the case
of M82, a crossed-polaroid effect may act on the singly-scattered light as it passes
through additional layers of dust. Such an effect would produce light having a PA
close to, but not perfectly, centrosymmetric.
Insight into the polarizing mechanism responsible for producing each of the
non-centrosymmetric sub-populations can be obtained by examining the distribu-
tions of non-centrosymmetric PAs. Histograms of the distributions of the non-
centrosymmetric PA values at V -, R- and H-band are shown in Figures 4.20 through
4.22. In these Figures, the number of MC samples within a given PA bin is rep-
resented by a radial distance from the plot center with the the |∆PA| < 45◦ and
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Fig. 4.20: Polar histograms of the non-centrosymmetric PAs at V -band. The his-
tograms includes both measured PA values the +180◦ alias values. Each histogram
is independently normalized to have an azimuthal integral of one. The blue and
red histograms represents the distribution of non-centrosymmetric PA values for the
|∆PA| < 45◦ and |∆PA| ≥ 45◦ sub-populations, respectively, with color coded tick
marks to indicate the median value of each distribution. The median value of PAcirc
within the entire non-centrosymmetric region is shown by the dashed line. The 70.0◦
position angle of the major axis of M82 is indicated with the solid line. Note that
the |∆PA| ≥ 45◦ values are seen to be more closely aligned with the galaxy major
axis than with the median PAcirc value. Also note that the |∆PA| < 45◦ values are
found to be about halfway between the median PAcirc and the |∆PA| ≥ 45◦ values.
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Fig. 4.21: The same as Figure 4.20 but for R-band.
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Fig. 4.22: The same as Figure 4.20 but for H-band.
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Table 4.2. Median PA Values for |∆PA|
sub-populations
|∆PA| 〈PAV 〉 〈PAR〉 〈PAH〉
< 45◦ 3.◦7 10.◦7 8.◦6
≥ 45◦ 31.◦1 33.◦4 36.◦3
the |∆PA| ≥ 45◦ shown separately. The plotted distributions reveal similar proper-
ties at all three wavebands with the |∆PA| < 45◦ sub-population rotated slightly in
the east-of-north direction from its centrosymmetric orientation and the |∆PA| ≥ 45◦
sub-population rotated even farther in the east-of-north direction. This suggests that
similar polarization mechanisms are at work across optical and NIR wavelengths to
produced these sub-populations.
The median PA value of these two sub-populations for each waveband are listed
in Table 4.2. The median PAs of the |∆PA| ≥ 45◦ sub-populations are between 31.◦1
and 36.◦3 east of north. This places them approximately 35◦ from alignment with the
major axis of M82 (PAgal = 70
◦). Given the expectation that the B-field of a disk
galaxy should be approximately parallel to the plane of the disk, this implies that
these |∆PA| ≥ 45◦ sub-populations are likely dichroism-dominated.
The median PAs of the |∆PA| < 45◦ sub-populations are part-way between a
centrosymmetric orientation and the median PAs of the dichroism-dominated sub-
populations described in the previous paragraph. It is important to recognize that
there is no reason, a priori, why the |∆PA| < 45◦ sub-populations of PAs should
be uniformly rotated in the same direction. They could have just as easily been
rotated to the east-of-north direction in some parts of the galaxy and in the west-
of-north direction in the other parts. The fact that they are all rotated in the same
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Table 4.3. Identifying Polarizing Mechanisms
PA classification ∆PA Active Polarizing Mechanisms
Cen. Sym. 0◦ ≤ |∆PA| < 45◦ Pure scattering
Not Cen. Sym.
0◦ ≤ |∆PA| < 45◦ Scattering modulated by a crossed-
polaroid effect
45◦ ≤ |∆PA| ≤ 90◦ Exclusively dichroism
Note. — It is extremely unlikely that a PA with a |∆PA| > 45◦ would be
classified as centrosymmetric.
direction suggests that the light from these parts of the galaxy may have been orig-
inally polarized by scattering but experienced a crossed-polaroid effect as it passed
through intervening layers of magnetized, dusty material. This results in a dichroism-
modulated sub-population in closer alignment with the orientation of Bpos revealed
by the dichroism-dominated sub-population.
Based on the above considerations, an scheme for identifying the polarizing
mechanism which produced a given PA is outlined in Table 4.3. This scheme com-
bines the centrosymmetric and non-centrosymmetric classifications, described in Sec-
tion 4.4.2, and the specific value of ∆PA, defined in Equation 4.10. Centrosymmet-
ric PAs with low ∆PA are identified as scattering-dominated polarization, and non-
centrosymmetric PAs with high ∆PA are identified as dichroism-dominated polariza-
tion. Intermediate combinations of classification and ∆PA are identified as dichroism-
modulated polarization due to combination of scattering and crossed-polaroid effects.
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4.4.5 P maps
How does P differ between the regions dominated by scattering and regions
dominated by dichroism? Is P uniform within each of these regions, or does it have
clumpy spatial structure? These questions are addressed by examining P images of
M82, shown in Figures 4.23 through 4.27.
Pixels in the P images which did not pass the P/σP ≥ 3 requirement were
replaced with their 1σP values to serve as upper limits. Even with the P/σP ≥ 3
cutoff, the properties of the Rice distribution (Rice 1945) indicate that a false-positive
detection rate of 1% is expected for genuinely unpolarized light. This includes 1%
of the pixels at the faint edges of the galaxy, which are expected to return P ≥ 3σP .
However, this P value is due to the instrumental and Poisson noises, and is not real
polarization of the light. Furthermore, the value of σP is inversely proportional to
the square root of Stokes I, so false-positives at the faint edges of the galaxy are
expected to have very large P values.
Optical P
The P at optical wavelengths (Figures 4.23 and 4.24) is highest in the polar
wind lobes, rising as high as 20% in V -band with slightly lower values in R-band.
The mid-plane of M82 shows significantly lower polarization levels at both optical
bands, with P less than 1% in the northeast disk and slightly greater than 1% in the
southwest disk.
The high polarization SNR threshold of P/σP ≥ 3 guarantees that the high P
values in the wind lobes are not simply a statistical bias at the faint edges of the
galaxy, so what is the physical cause of the greater levels of P at these sky-locations?
One possibility is that the greater values of P at the periphery of the wind lobes is
a natural consequence of the scattering geometry. Similar effects can be seen with
224
100 101
PV [%]
9h56m30s 00s 55m30s 55m00s
69°44'
42'
40'
38'
RA [J2000]
De
c 
[J2
00
0]
Fig. 4.23: Log-scaled V -band P map of M82. The white cross marks the V -band scat-
tering center, and the white contours outline the regions with non-centrosymmetric
PAs. Pixels with P/σP < 3 are covered with a semi-opaque, white mask.
in the dusty envelope of young stellar objects (YSOs), which provide an analogous
laboratory for testing scattering from a central illuminating source. Whitney &
Wolff (2002) modeled the expected polarization of light scattered by the envelopes
of YSOs. Even without any diluting, unpolarized background light, the P values in
the periphery of the envelope were predicted to be a factor of ∼ 2 greater than near
the central region of the envelope.
It is also possible that the true value of P for the scattered light is in the 15%
to 20% range for pixels near the disk but that the scattered light is diluted there
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Fig. 4.24: Same as Figure 4.23 for R-band.
by unpolarized light from the stars in the disk. Precisely quantifying such an effect
would require an accurate model of the distribution of starlight from the disk and
starburst region. This would yield a great deal of insight into the stellar distribution
of M82, but such a decomposition is beyond the scope of this study.
The Effect of Hα Emission
The Hα emission line is located within the R-band bandpass. Thus, all R-band
images include all the light from the Hα spectral feature. This can be a significant
fraction of the total R-band intensity in an Hα-bright galaxy, such as M82 (Kennicutt
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et al. 2008). To assess the effect of Hα emission on the R-band observations, the
line-to-continuum ratio of Hα to R-band light was computed.
The Kitt Peak continuum-free Hα image and Harris R-band image were com-
bined with their respective filter bandwidths to produce a line-to-continuum ratio
via the equations
(I∆λ)line = IHα∆λHα (4.18)
(I∆λ)cont = IR∆λR − (I∆λ)line (4.19)
where (I∆λ)line is the bandwidth-independent intensity of the Hα line, and (I∆λ)cont
is the bandwidth-independent continuum intensity without any contribution from the
Hα line, ∆λHα = 6.66 nm is the bandwidth of the Hα filter, and ∆λR = 147.22 nm
is the bandwidh for the Harris R-band filter2. The resulting image of the line-to-
continuum ratio, (I∆λ)line/(I∆λ)cont, is shown in Figure 4.25. The pixel values
fall between zero, where there is no Hα emission contributing to the R-band light,
and unity, where the R-band light is entirely provided by Hα emission. As seen in
Figure 4.25, this ratio is below ∼ 0.05 in the disk of the galaxy, where there is ample
R-band light from the stellar distribution and very little Hα light, either from in situ
emission or scattered light from the bright core. The wind lobes exhibit ratio values
between ∼ 0.2 and ∼ 0.4. In some bright knots, the ratio reaches values in excess of
0.5, which implies that more than 50% of the R-band intensity is provided by the Hα
line at those locations. These Hα-bright knots are dispersed along several arcminutes
of the semi-minor axis. This indicates that the process producing Hα alpha is active
several kpc from the bright core.
2Filter widths retrieved from https://www.noao.edu/kpno/filters/4Inch_List.html using
the information provided in the image headers to identify which filters were used for Hα and R-band.
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Fig. 4.25: Map of the Hα line-to-continuum ratio in M82 computed from Kitt Peak
observations. The bright yellow-green clumps in the wind lobes indicate locations
where Hα light constitutes the majority of the R-band intensity.
228
Do high levels of Hα contribution to R-band images affect the measured levels of
PR in the wind lobes of M82? The answer to this question depends on whether the Hα
light is produced by scattering of light from bright Hα sources located in the disk and
nucleus of M82 or is produced by in situ emission. If the Hα light is predominantly
due to unpolarized, in situ emission, then this unpolarized contribution to R-band
would lead to lower PR values. If the Hα light is predominantly due to dust in the
wind lobes scattering Hα light from the bright core into the line-of-sight, then the
Hα light should have similar P and PA values as the rest of the R-band light.
Previous spectropolarimetry of the wind lobes has indicated that the Hα light
contains both polarized and unpolarized components (Yoshida et al. 2011). Scarrott
et al. (1991a) performed imaging polarimetry of the continuum-subtracted Hα light
of M82 and found that light was also centrosymmetrically polarized. Their P values
ranged between 20% and 30% in the wind lobes, similar to the R-band values found
here. Thus, although the Hα line provides a significant fraction of the R-band light
in the wind lobes of M82, it is not expected to significantly influence the observed
PR.
NIR P
At NIR wavelengths (Figures 4.26 and 4.27), there is a concentration of pixels
with significantly detected polarization in the central 40′′ of the galaxy. The polar-
ization in the outer disk of the galaxy is generally below the observational sensitivity
of the NIR measurements. The median value of P across the entire solid angle where
significant polarization was detected is ∼ 1%, which is substantially lower than the
expected values of P ≈ 100% for Rayleigh scattering (van de Hulst 1981). These
low P values are likely due to dilution from unpolarized starlight. However, it is also
possible that much of the galaxy exhibits the low-P NIR scattering mode noted in
Chapter 3.
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Fig. 4.26: Linearly scaled H-band P map of the central region of M82. The x- and
y-axes are set relative to the Ks-band scattering center determined in Section 4.4.2.
The scattering center at H-band is marked with a white cross, and the white contours
indicate regions with non-centrosymmetric PAs. Note the extended region of high P
located ∼ 15′′ northeast of the scattering center.
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Fig. 4.27: The same as Figure 4.26 for Ks-band. Again note the presence of the
extended, high P region northeast of the center.
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The P values within the central core are highly structured. The most notable
feature is a zone of strongly polarized light that appears in both H- and Ks-bands
located ∼ 15′′ northeast of the galaxy center. A weaker, but similar, double lobed
“polarization plume” located ∼ 15′′ southwest of the galaxy center can be seen in the
PH map. Both the northeastern and southwestern features are ∼ 15′′ (∼ 240 pc) in
extent along the minor axis direction. The mechanism responsible for these localized
zones of high polarization is discussed further in Section 4.5.
4.4.6 Polarization and Color
Light polarized by dichroism has necessarily experienced some amount of ex-
tinction, which has a reddening effect (Cardelli et al. 1989). Scattering processes
preferentially scatter shorter wavelength light (Bohren & Huffman 2008). Thus,
these two mechanisms are expected to produce different characteristic signatures in
the colors of polarized light.
These mechanisms are also expected to produce light with different P signatures
with respect to wavelength. The median value of observed polarization via dichroism
reported by Whittet et al. (1992) for sightlines in the Milky Way is P ≈ 3.3% at
optical bands with a +1σ value of P ≈ 5.9%. At NIR bands the median observed
P ≈ 1.0% with a +1σ value of P ≈ 1.9% (Whittet et al. 1992). Scattering is
expected to produce light with maximal values of P > 25% at optical wavelengths
and P > 80% at NIR wavelengths (see introduction and references in Section 4.1,
above). Thus, the M82 regions dominated by scattered light should be bluer and
exhibit higher values of P than regions dominated by dichroism.
This prediction was tested using the values in the PRISM based PV image
and the Kitt Peak based B−V image. The B−V image was used instead of the
V −R image to avoid possible contamination by Hα light in the R-band. Images
of B−V color and its uncertainty were reconstructed from the Kitt Peak images.
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These images were smoothed to match the poorer seeing of the PRISM images and
rebinned to match the PRISM plate scale. The relationship between PV and B−V
was examined by generating a joint probability distribution and histograms of PV
and B−V .
For this analysis, a stricter minimum required SNR of P/σP > 4.75 was es-
tablished to tightly restrict the effects of high polarization false-positives in the dim
periphery of the galaxy (see discussion in Section 3.4.4). Each of the remaining
high SNR pixels were classified into one of three categories, as outlined in Table 4.3.
All pixels with centrosymmetric PAs in both optical wavebands were classified as
“scattering-dominated.” Pixels with non-centrosymmetric PAs and |∆PA| < 45◦ in
both were classified as “dichroism-modulated” (or simply “modulated”) pixels. These
represent regions where some scattered light is present but it has been significantly
modulated by intervening layers of magnetically-aligned dust via the crossed-polaroid
effect. Pixels with non-centrosymmetric PAs and |∆PA| ≥ 45◦ were classified as
“dichroism-dominated.” These pixels represent regions where the color and polariza-
tion are produced by extinction from magnetically-aligned dust grains. Pixels with
different properties in V - and R-band were discarded from the analysis to prevent
potentially spurious P values from influencing the analysis.
Samples of log10(PV ) and B−V were generated from the PRISM-matched Kitt
Peak Stokes I images and PRISM Stokes Q and U images using the procedure de-
scribed in Section 4.3. These samples were binned as pairs into two-dimensional (2D),
and independently into one-dimensional (1D), histograms. The results are shown in
Figure 4.28. There, the scattering-dominated distributions are shown as blue shades
and bins, the modulated distributions are shown as red contours and bins, and the
dichroism-dominated distributions are shown as black contours and bins.
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Fig. 4.28: The distributions of PV and B−V values for the pixels classified as being
scattering-dominated, dichroism-modulated, and dichroism-dominated polarization
shown in blue, red, and black, respectively. (top) The marginalized distributions of
B−V values. (right) The marginalized distributions of PV values. (center) The 2D,
joint-probability distributions. The blue color bar in the top right corner of the center
panel indicates the scaling of the scattering-dominated 2D histogram as a fraction of
the maximal value. The red and black contours start at 90% of the maximal value
and are spaced in 10% intervals down to 30% of the peak value. The peaks of the 2D
distributions are indicated by filled circles and dotted lines in blue, red, and black
for the corresponding distributions.
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Fig. 4.29: The same as Figure 4.28 for the PH and H−Ks distributions of M82.
The peak of the dichroism-modulated and dichroism-dominated distributions are at
nearly the same PH and H−Ks values, but the dichroism-dominated distribution
extends to lower PH values.
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The same process was repeated for the NIR wavebands using H−Ks as the
abscissa value and log10(PH) as the ordinate value, to produce Figure 4.29. There
are no strong emission features in H- or Ks-band as there is in R-band, so the
H−Ks color map can be used as an accurate estimate of the color of the light from
the scattering-dominated regions of the galaxy. The criteria of requiring a pixel to
be classified as centrosymmetric or non-centrosymmetric in both bands was relaxed
to only require those classifications at H-band because of the low number of high
SNR detections at Ks-band. The Stokes parameters were MC sampled, using the
technique described in Section 4.3.
In Figure 4.28, it can be seen that the optical scattering-dominated distribution
is well separated in the 2D color-polarization space from the dichroism-modulated and
dichroism-dominated distributions. The scattering-dominated distribution is gener-
ally bluer and more highly polarized, with B − V . 0.6 mag and log10(PV ) & 0.6
(PV & 4%). The maximum of the 2D centrosymmetric, scattering-dominated dis-
tribution is at B − V = 0.50 mag and log10(PV ) = 0.99 (PV = 9.8%). The
dichroism-modulated distribution is more uniformly distributed across a broad, red-
der range of B−V values and has lower average polarization, with log10(PV ) . 0.6.
The dichroism-dominated distribution is slightly redder and slightly less polarized
than the dichroism-modulated distribution. Thus, the optical wavelength distribu-
tions exhibit the predicted polarimetric and photometric color qualities: the light in
scattering-dominated pixels is bluer and more polarized than the light in dichroism-
modulated or dichroism-dominated pixels. This implies that for a given (B − V, PV )
pair, it is possible to assess whether (or with what degree or likelihood) that polar-
ization was produced via (or modified by) scattering or dichroism.
Within the scattering distribution seen in the middle panel of Figure 4.28, there
appears to be a negative, mostly monotonic correlation between log10(PV ) and B−V
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such that bluer pixels tend to be more highly polarized. This trend was originally ob-
served by Elvius (1962), using 14 aperture photometric measurements within the halo
of M82 and is more thoroughly illustrated by the many independent measurements
obtained with the imaging polarimetry presented in this study.
The centers of the NIR distributions, shown in Figure 4.29, exhibit many of
the same properties found at optical wavelengths: the scattering-dominated pixels
are bluer and more highly polarized than the dichroism-dominated and dichroism-
modulated polarizations. However, the separations between the populations are much
smaller than those in the optical. Thus, for a given (H −K,PH) pair it is difficult
to assess whether the polarization was produced via scattering or dichroism, an
assessment that was shown above to be more easily done at optical wavelengths.
4.4.7 Polarization as a Function of Wavelength
The ultimate aims of this study were to determine the Pscat(λ) curve in an
external galaxy and to test if this curve is distinct from the Pdichro(λ) curve. If these
two curves are distinct, then measurements of P at multiple wavelengths could be
used to identify and spatially-resolve polarizing mechanisms and associated physical
structures (e.g., spiral arms) in external galaxies.
The PRISM V - and R-band Stokes Q and U images were rebinned to match the
Mimir plate scale and alignment. This enabled comparison of P values across all four
NIR and optical bands on a pixel-by-pixel basis. This same rebinning was applied to
the optical map of membership probabilities (pi) computed in Section 4.4.2. These
rebinned membership probabilities and were used to identify all of the pixels with
scattering-dominated or dichroism-dominated polarization at each waveband using
the criteria presented in Table 4.3.
The MC sampling and interpolation procedure described in Section 3.5.6 was
applied to these spatially-matched measurements of P to estimate the wavelength
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variations of Pscat and Pdichro. This procedure is briefly recapitulated here. Each
polarization measurement was replaced by a set of MC samples generated using the
procedure described in Section 4.3. These MC samples were used to produce a set
of possible interpolated curves for each measurement of P .
The abscissa and ordinate quantities used for interpolation were log10(1/λ) and
log10(P ) because the wavelength variation of P can be well represented by simple
polynomial shapes in this space (e.g., Serkowski et al. 1975). Using these abscissa
and ordinate quantities, the wavelength variation of Pscat and Pdichro between Ks-
and H-bands and between R- and V -bands was estimated by linearly interpolating
between the spatially-matched measurements of scattering-dominated P at these
adjacent wavebands.
The wavelength variation of Pscat between H- and R-band was estimated by
a third-order polynomial. The parameters of this interpolating polynomial were
determined by the mean change in log10(P ) between Ks- and H-bands and between
R- and V -bands. These two mean values and the generated MC samples of log10(P )
at H- and R-band were substituted into Equation 3.21, which was used to interpolate
Pscat curves between H- and R-band. The following sections present the results of
this procedure.
Scattering-Dominated Polarization
Ideally, this analysis would be performed using pixels from a region where
scattering-dominated polarization was detected at all four wavebands. However,
the small region where Ks-band polarization was detected does not subtend any of
the pixels where scattering-dominated polarization was detected at V - and R-bands.
Thus, the Pscat curve between H- and V -band was produced using only those pixels
where scattering-dominated polarization was detected in the H-, R-, and V -bands.
This restricted the PR and PV values to locations near the galaxy center where
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scattering-dominated polarization was detected at H-band. There are many more
scattering-dominated pixels detected farther out in the wind lobes, but this three-
band restriction was necessary to ensure each pair of P values was taken from the
same sky-location. This also prevented undiluted, scattered optical light far out in
the wind lobes from being compared to the heavily diluted, scattered NIR light near
the galaxy core.
There is a small region where scattering-dominated polarization was detected
at both H- and Ks-bands. Thus, the Pscat curve between Ks- and H-band was
produced using those pixels with scattering-dominated polarization detected at both
NIR wavebands. This provides a different selection criteria at H-band than the
one described in the previous paragraph. The pixels used to estimate the Pscat
curve between Ks- and H-band are not the same pixels used to estimate the Pscat
curve between H- and V -band. However, both selection criteria isolate pixels with
scattering-dominated polarization.
The wavelength variation of Pscat, estimated using the procedure described
above, is shown in Figure 4.30. The top panel of this Figure includes two main
plot elements: the green “violin plots” and the set of semi-opaque curves, which
are termed a “spaghetti plot” in reference to its string-like appearance. The green
violin plots represent the distribution of P measurements used at each waveband to
generate the interpolated Pscat curves shown by the semi-opaque black lines. These
violin plots are interpolated in the following way. Each violin plot is associated with
a particular wavelength. The base of the violin plot is formed by a vertical line at
the associated wavelength. The horizontal offset of the violin plot curve is linearly
proportional to the number of measurements at the associated P value on the vertical
axis. The asymmetry of the two-sided violin plot at H-band indicates that a slightly
different set of H-band P measurements were used to interpolated between Ks- and
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Fig. 4.30: Pscat as a function of wavelength. (top) The “spaghetti plot” of Pscat
curves. The green violin plot symbols indicate the distribution of Pλ values used to
generate the line-segments and curves within each wavelength range. These represent
the directly-observed data while the semi-opaque line-segments and curves illustrate
the expected path of the Pscat curve, given those observations. (bottom) Traces of
the median (thick, black), ±1σ (dark gray), and ±2σ (thin, light gray) percentiles
of the distribution of interpolated Pscat values at each wavelength. For comparison,
the blue region indicates the range of Pscat values predicted by Zubko & Laor (2000)
for scattering angles between 60◦ and 120◦.
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H-band than were used to interpolated between H- and R-band. Conversely, the
symmetry of the two-sided violin plot at R-band indicates that the same R-band P
measurements were used to interpolated between H- and R-band as were used to
interpolate between R- and V -band.
The top panel also shows the spaghetti plot of Pscat. Each individual semi-
opaque black curve in this plot represents the expected variation in Pscat as a function
of wavelength, based on the individual, spatially-matched waveband measurements
substituted into the interpolation functions in Section 3.5.6. These individual curves
show that there is significant variation in the shape of the Pscat curve for an individual,
spatially-matched set of measurements at all four wavebands.
The distribution of optical Pscat values all fall below∼ 10%. This is substantially
less than many of the scatting-dominated PV values shown in Figure 4.28. The higher
PV values are mostly located in the outer parts of the dusty wind-lobes, where there
is little dilution from unpolarized background starlight. The lower optical P values
shown in Figure 4.30 are located closer to the disk-midplane and have experienced a
greater degree of dilution from unpolarized background starlight.
The bottom panel shows the median, ±1σ, and ±2σ percentiles of the interpo-
lated Pscat curves shown in the spaghetti plot, evaluated as a function of wavelength.
The discontinuity in these curves at H-band is caused by the fact that a differ-
ent set of P measurements were used to interpolate between Ks- and H-band than
were used to interpolated between H- and R-band. Despite the prediction that Pscat
should dramatically increase at longer wavelengths (e.g., White 1979a; Zubko & Laor
2000), the general trend shown by the spaghetti plot is a decrease in Pscat with in-
creasing wavelength. There are two basic possible causes of this unexpected trend.
The first possibility is that the true value of Pscat does increase at longer wavelengths
but the amount of dilution from unpolarized starlight is much greater at NIR wave-
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lengths. However, these curves were generated using individual, spatially-matched
measurements, and the variation in the amount of dilution from unpolarized light as
a function of wavelength should be substantially reduced by this. The other possi-
bility is that Pscat genuinely decreases as a function of wavelength, similar to what
was found to be the case for the UV-processed dust in NGC 7023. In either case, the
data shown in Figure 4.30 indicates that the observed value of Pscat decreases from
optical to NIR wavelengths.
Dichroism-Dominated Polarization
The analysis performed in the previous section was repeated for the pixels with
dichroism-dominated polarization, as selected based on the criteria in Table 4.3.
Again, estimates of Pdichro between Ks- and H-band were generated using only pixels
determined to dichroism-dominated at both of those bands while those pixels with
dichroism-dominated polarization at H-, R-, and V -band were used to interpolate
the Pdichro curves between H- and V -band.
The derived variation of Pdichro as a function of wavelength is shown in Fig-
ure 4.31. The spaghetti plot in the top panel shows a much tighter distribution of
Pdichro curves than the Pscat curves in Figure 4.30.
The bottom panel shows the median, ±1σ, and ±2σ percentiles of these inter-
polated Pdichro curves, evaluated as a function of wavelength. These curves reveal a
general pattern of higher Pdichro at optical wavelengths and lower Pdichro at NIR. This
pattern for Pdichro is expected on the basis of the wavelength variation of polarization
due to dichroism, which is characterized by the Serkowski Law (Serkowski et al. 1975;
Wilking et al. 1982).
In addition to the decrease in Pdichro from optical to NIR wavelengths, there is
an increase in Pdichro from V - to R-band. This necessarily implies that the value of
Pdichro peaks (λmax) at a wavelength between R- and H-band. A λmax wavelength
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Fig. 4.31: Pdichro as a function of wavelength. The plot content is analogous to
Figure 4.30 except that Pdichro is shown rather than Pscat, and the predicted Pscat
values from Zubko & Laor (2000) are not shown.
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between R- and H-band is longer than the typical λmax values found by measurements
toward individual stars in the Milky Way (λmax ≈ 0.55 µm Whittet et al. 1992).
This longer λmax wavelength implies that significant growth of the larger dust grains
has occurred within the dust population responsible for the dichroism-dominated
polarization measured in M82 (Voshchinnikov & Hirashita 2014).
The Relative Strength of Pscat and Pdichro
Figures 4.30 and 4.31 indicate that the observed value of both Pscat and Pdichro
decreases from optical to NIR wavelengths, but which of these decreases more
rapidly? Wood (1997) used the model of White (1979a) to predict that the rel-
ative strength of scattering-dominated polarization within a disk galaxy increases
from optical to NIR wavelengths. This prediction can be tested by examining the
relative strength of Pscat and Pdichro as a function of wavelength.
The relative strength of these two polarizing mechanisms can be evaluated via
the quantity (Pscat/Pdichro). By analogy with the interpolation analysis performed for
Pscat and Pdichro, above, estimates of the median, ±1σ and ±2σ curves were generated
for the (Pscat/Pdichro) quantity. The interpolated median curve was generated using
the approximation
〈Pscat/Pdichro〉(λ) ≈ 〈Pscat〉(λ)〈Pdichro〉(λ) , (4.20)
where 〈Pscat/Pdichro〉(λ) is the estimated median value of (Pscat/Pdichro) at wavelength
λ, 〈Pscat〉(λ) corresponds to the median curve shown in the bottom panel of Fig-
ure 4.30, and 〈Pdichro〉(λ) corresponds to the median curve shown in the bottom
panel of Figure 4.31.
The ±nσ curves (where n is an integer) were estimated by linear interpolation
using log10(Pscat/Pdichro) as the ordinate quantity and log10(1/λ) as the abscissa quan-
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tity. This interpolation was accomplished via a multi-step process. First, the Monte
Carlo samples of Pscat and Pdichro generated for each of the observed wavebands were
randomly shuffled to disrupt any chance correlation between the Pscat and Pdichro
samples. Next, the quotient of these shuffled samples was computed to produce an
estimated distribution of Pscat/Pdichro values for each of the observed wavebands. The
logarithmic displacement of the ±nσ percentiles from the median value of the result-
ing Pscat/Pdichro distributions was computed for each of the four observed wavebands
via the equation
wλ,±nσ = log10
((
Pscat (λ)
Pdichro (λ)
)
±nσ
)
− log10
(〈
Pscat(λ)
Pdichro(λ)
〉)
, (4.21)
where λ indicates the waveband, the ±nσ subscript indicates the corresponding per-
centile of the distribution (e.g., −1σ corresponds to the 16-th percentile of the dis-
tribution), and 〈·〉 indicates the median of the distribution.
To simplify the expression of the interpolating function, an interpolation pa-
rameter between wavelengths in the range λ1 < λ < λ2, was defined as
t(1/λ) ≡ log10(1/λ)− log10(1/λ2)
log10(1/λ1)− log10(1/λ2)
, (4.22)
where λ is the wavelength for which the interpolation is to be evaluated. This
parameter was used to interpolate ±nσ curves which smoothly transition across the
entire wavelength range between Ks- and V -band and pass through the explicitly
computed percentile values of the Pscat/Pdichro at each of the four observed wavebands.
The final ±nσ curves were interpolated via the function
fλ1,λ2 (λ) = log10
( 〈Pscat〉(λ)
〈Pdichro〉(λ)
)
+
(
1− t(1/λ)) · wλ1,±nσ + t(1/λ) · wλ2,±nσ, (4.23)
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where the argument inside the log10 term is equal to the right hand side of Equa-
tion 4.20, and is given by the quotient of the median curves computed for Figures 4.30
and 4.31.
The final median Pscat/Pdichro curve, computed using Equation 4.20, and the±1σ
and±2σ curves, computed using Equation 4.23 are shown in Figure 4.32. The median
value of log10(Pscat/Pdichro) is greater than zero for all of the observed wavelengths.
This implies that 〈Pscat〉 > 〈Pdichro〉 across the full optical to NIR wavelength range.
Thus, the greater the observed vale of P , the greater the likelihood that a polarization
signal was produced by scattering.
There is a gradual decline in the median value of log10(Pscat/Pdichro) from optical
to NIR wavelengths. However, the width between the ±1σ and ±2σ curves is much
greater than the total amount of decline in the median curve. This indicates that the
distribution of Pscat and Pdichro values significantly overlap across the entire optical
and NIR wavelength range. Thus although higher P in an external galaxy indicates
a greater likelihood that the polarization signal was generated by scattering, the
wavelength variation of P does not provide a clear indicator of whether an observed
polarization signal was generated by scattering or dichroism.
The decline in the median value of log10(Pscat/Pdichro) from optical to NIR
wavelengths has significant implications for optical and NIR polarimetry of exter-
nal galaxies. This indicates that although Pscat and Pdichro both decrease from op-
tical to NIR wavelengths in this galaxy, Pscat decreases faster than Pdichro across
this wavelength range. Thus, observations of an external galaxy which contain light
polarized by both scattering and dichroism will have a stronger relative contribu-
tion from scattered light at optical wavelengths than at NIR wavelengths. This is a
direct contradiction of Wood (1997), which predicted that the fraction of the polar-
ization signal represented by scattered light would increase with wavelength. Thus,
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Fig. 4.32: Traces of the median (thick, black), ±1σ (dark gray), and ±2σ (thin,
light gray) percentiles of the log10(Pscat/Pdichro) in M82 as a function of wavelength.
Note that the median value of log10(Pscat/Pdichro) decreases from optical to NIR
wavelengths.
the decline in log10(Pscat/Pdichro) from optical to NIR wavelengths implies that NIR
observations of external galaxies are more likely to accurately probe the B-field in the
cold ISM of those galaxies and less likely to be contaminated by scattering-dominated
polarization.
4.5 Discussion
The photometric and polarimetric properties of M82 at optical and NIR wave-
lengths are highly distinct. At optical wavelengths, the dusty wind lobes were de-
tected by an abundance of highly-polarized, scattered light while the wind lobes
were completely undetected at NIR wavelengths. There is also a significant amount
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of structure in the NIR polarization, which is absent in the optical polarization. The
following Section explores some possible causes of these differences and what these
differences imply for future polarimetric studies of the B-field threading the dusty
ISM of other external galaxies.
4.5.1 Interpreting the M82 Observations
Optical
The light at the extremities of the wind lobes constitutes the most direct ob-
servation of the polarization due to scattering. The contribution from unpolarized
stellar disk light necessarily reaches a minimum at the extreme ends of the wind
lobes where the disk light is faintest. The reddening by intervening layers of dust is
also very low in these regions, as indicated by the blue colors found there and shown
in Figure 4.4. These regions show consistently high values of PV ∼ PR ∼ 20%.
However, these are still only half of the maximal values of ∼ 35 − 40% predicted
by White (1979a) and Zubko & Laor (2000) for scattering angles near 90◦ at those
wavelengths.
Why are the observed Pscat values so much lower than the predicted values?
One possible cause is the scattering angle of the observed light. Zubko & Laor (2000)
predicted that Pscat(λ) for scattering angles ∼ 30◦ is reduced by a factor of ∼ 2 from
the values near the optimal scattering angle of 90◦. Thus, the lower observed levels
of Pscat at optical wavelengths could be accounted for if the actual characteristic
scattering angles of the observed light are between 30◦ − 60◦ (forward-scattering)
or 120◦ − 150◦ (back scattering). However, based on the 81.◦6 inclination and 55◦
opening angle of the wind lobes, the minimum possible scattering angle of light from
the wind lobes is ∼ 54◦. Thus, it is only possible to explain the lower observed Pscat
values observed at optical wavelengths under the extreme case that the vast majority
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of light is scattered from the front side of the wind lobe with scattering angles of
∼ 54◦.
The ∼ 20% optical Pscat values in the outer wind lobes of M82 are close to the
values observed at optical wavelengths throughout much of the bright, scattering-
dominated regions of the reflection nebulae shown in Chapter 3. This suggests that
these lower P values may be more typical average values of light scattered by dust
illuminated by a bright, central illuminator.
NIR
Although the highest values of Pscat(optical) are found at the extreme ends of the
bipolar wind lobes, the scattered NIR light from these same regions remains below
the detection threshold of the observations. This parallels the low levels of scattered
NIR light from the periphery of the reflection nebulae presented in Chapter 3, where
ample, highly polarized, scattered optical wavelength light was detected.
Significant levels of scattering-dominated NIR polarization were only detected
in the bright disk of M82. There is a bifurcation of the observed Pscat(NIR) values
with most of the disk showing Pscat(NIR) . 1% and a few localized sub-regions
showing Pscat(NIR) ≈ 2% (see Figure 4.26 and 4.27, above). All of the observed P
values are reduced by the diluting effects of the unpolarized background starlight
from the galaxy disk, but the bifurcation of the NIR polarization into high-P and
low-P values parallels the results of Chapter 3, where two distinct scattering modes
were detected. This suggests that the scattering material responsible for polarization
plumes noted in Section 4.4.5 may be analogous to the dense, “unprocessed” dust on
the exterior side of the PDRs in NGC 7023. Similarly, the fact that the remainder
of the disk exhibits substantially lower Pscat(NIR) values suggests that the majority
of the scattering material in M82 is analogous to the diffuse, “UV-processed” dust
in the interior region of NGC 7023.
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The NIR polarization Plumes
If the physical conditions in the NIR polarization plumes of M82 are similar to
those in the regions showing high Pscat(NIR) in the reflection nebulae presented in
Chapter 3, then it is important to understand the conditions which give rise to these
polarization features. Figure 4.33 shows the context and locations of the polarization
plumes. The most important piece of contextual information is that the western and
eastern plumes are located just beyond the ends of a “200 pc ring” of molecular gas
located at the center of M82 and named for its 200 pc radius (Nakai et al. 1987;
Dietz et al. 1989; Shen & Lo 1995; Neininger et al. 1998; Garc´ıa-Burillo et al. 2002;
Fuente et al. 2006). The presence of rings is common among galaxies with bars,
such as M82 (Telesco et al. 1991). The blue contours shown in Figure 4.33 trace the
the IRAC 3.6 µm surface brightnesses of 450 and 460 MJy sr−1. The ring of bright
3.6 µm emission traced by these contours likely reveals fluorescence from polycyclic
aromatic hydrocarbons (PAH), which emit at 3.3 µm when irradiated with ultraviolet
light (Allamandola et al. 1989; Mizutani et al. 1994; Brooks et al. 2000; Li & Draine
2002). This PAH emission serves as a tracer of the molecular ring.
Given the proximity of the polarization plumes to the far western and eastern
ends of the molecular ring, it is likely that the ring molecular material is somehow
associated with the production of the polarization plumes. One possibility is that
there is an extended, dusty torus associated with the molecular ring, and the high
Pscat values in the polarization plumes are caused by the long sight-lines through the
torus at those sky-locations.
Given that galactic bars funnel gas into nuclear rings (Athanassoula 1992), the
intersection of the M82 bar and the molecular ring is expected to be a location of
high-density gas and high star formation activity. Thus, another possible cause of the
NIR polarization plumes is a concentration of localized centers of high star-formation
250
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
H−Ks
[mag]
20 10 0 10 20
RA [arcsec]
20
10
0
10
20
D
e
c 
[a
rc
se
c]
Fig. 4.33: The NIR “polarization plumes” in the disk of M82. The colored back-
ground is the H−Ks color map of the central 50′′ of the galaxy. The black and
white contours on the left side of the image outline the region where PH > 2.00%
and PKs > 1.75%, respectively. The black contour on the right side of the image
outlines the region where PH > 1.15%. The light blue and dark blue contours trace
IRAC 3.6 µm surface brightnesses of 450 and 460 MJy sr−1, respectively. Note that
the light blue contour traces a complete ring of nuclear material at roughly the same
radius as the “200 pc ring” of molecular gas found by Nakai et al. (1987). The
semi-opaque, black line segments indicate the H-band PA orientations within 10′′
surrounding each of the high polarization plumes. For spatial reference, the white
crosses mark the sky-locations of the V -, R-, H-, and Ks-band scattering centers
shown in Figure 4.10.
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activity at the far western and eastern ends of the molecular ring which generates
two miniature versions of the M82 central dusty wind lobes, which efficiently scatter
and polarize light.
Can either of these hypotheses be ruled out by the data shown in Figure 4.33?
The polarization plumes appear to extend ∼ 10′′ (160 pc) in the vertical direction,
along the minor axis of the galaxy. If the plumes are caused by a dusty torus, then
this implies a height-to-radius aspect ratio of h/r ≈ 0.8, which is substantially greater
than the relatively thin ring of molecular material observed in the 3.6 µm emission.
Thus, if the dusty torus hypothesis is correct, then there must be some mechanism
supporting a scale-height of ∼ 100 pc for the dust in the torus.
There is a red peak at the center of the eastern polarization plume in the H−Ks
map. This implies either a concentration of bright red stars at that sky-location
(e.g., red giants in a star cluster) or a cluster of bright blue stars deeply embedded
in reddening dust. In either case, the red peak implies a greater than average star
formation rate (SFR) at the center of the eastern plume.
The pixels in the polarization plumes exhibit red colors, with H−Ks > 0.4 mag.
Assuming the red colors are due to selective extinction by dust, this suggests that
there must be dust filling the polarization plumes. The extent of this red color
appears to be most closely associated with the eastern plume. The red color and
the eastern polarization plume both extend 12′′ (190 pc) to the northwest of the
midplane, but the red color abruptly drops off at more central radii, just inside the
eastern plume. This suggests that the dust causing this red color is localized to the
eastern side of the disk and is not distributed throughout a full torus.
The PAs surrounding the western polarization plume are different than those in
the plume, suggesting the polarizing mechanism in the plumes may distinct from the
polarizing mechanism in the pixels closely surrounding the plume. A transition can be
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seen in Figure 4.33, where the PAs on either side of the western plume are generally
disk-parallel and the patterns of PA sharply transition to more centrosymmetric
orientations within the plume region. The value of |∆PA| at H-band is less than 20◦
for the image pixels that sample both plumes (see Figure 4.17), thus the PA patterns
within the polarization plumes are nearly centrosymmetric. However, the high SNR
in these regions provides a low σPA, such that many of the pixels were classified
as non-centrosymmetric in one or both of the NIR bands. Given the discussion in
Section 4.4.4 regarding non-centrosymmetric PA patterns with low |∆PA| values, it
is likely that the detected polarization in the plumes is produced via single scattering,
but the light in some pixels has been modulated by intervening layers of magnetically-
aligned dust.
The indication that there is a high SFR at the center of the eastern plume,
the close association of the red H−Ks color with the location of the eastern plume,
and the transition between disk-parallel and centrosymmetric PAs across the west-
ern plume all suggest that the polarization plumes are localized phenomenon, not
produced by a complete dusty torus.
Radiative transfer models of a centrally-illuminated dusty torus with a toroidal
B-field would produce a much clearer set of observational tests to discriminate be-
tween these two hypotheses. Even without such modeling, if more polarization
plumes are discovered in other highly inclined disk galaxies are consistently located
at the far ends of molecular rings, then it is more likely that the high Pscat val-
ues observed within the plumes are a product of the long path-lengths through the
scattering material at those sky-locations.
4.5.2 Separating Scattering and Dichroism
The wavelength dependence of dichroic polarization toward individual stars in
the Milky Way is characterized by the Serkowski law (Serkowski et al. 1975; Wilking
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et al. 1982). This law has the property that Pdichro(λ) typically peaks in the optical
and decreases at NIR wavelengths (except in cases of extreme dust grain growth).
Based on the work of White (1979a) and Wood & Jones (1997), the original ex-
pectation was that Pscat(λ) would have a significantly different wavelength variation,
decreasing at a slower rate or even increasing at longer wavelengths, depending on the
degree to which the scattered light was diluted by unpolarized stellar light. Thus, by
performing multi-wavelength polarimetry of an external galaxy, scattering-dominated
and dichroism-dominated polarization could be identified on the basis of the variation
of P (λ) across the observed wavelengths.
The wavelength variations of Pscat(λ) and Pdichro(λ) in M82 were instead found to
be similar: both decrease from optical to NIR wavelengths. Thus, the test described
above does not provide a straightforward means of identifying scattering-dominated
polarization in external galaxies.
The unexpected result that Pscat(λ) decreases faster than Pdichro(λ) from optical
to NIR wavelengths implies that the relative degree of contamination from scat-
tered light is less at NIR than it is at optical. Thus, although regions of scattering-
dominated polarization cannot be easily identified by their polarization wavelength
dependence alone, the degree of contamination can be minimized by conducting po-
larimetry at NIR wavelengths rather than at optical wavelengths.
The presence of non-centrosymmetric PAs with significant departure from the
centrosymmetric scattering signature implies that strong dichroism is present in M82.
Thus, dichroism is expected to be similarly active in other external galaxies, and
it is likely the dominant polarizing mechanism outside regions of highly luminous
scattering.
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4.5.3 Implications for Dust Grain Properties
The lower-than-expected Pscat(NIR) in M82 may be due to the same dust grain
properties which caused the lower-than-expected Pscat(NIR) in the reflection nebulae
studied in Chapter 3. Key parameters identified in Section 3.6.3 are the dust grain
albedo α = σscat
σext
and the polarizing efficiency of each scattering event PIQ. The most
likely candidate for the cause of low Pscat in the reflection nebulae was a low NIR
albedo. This better accounts for the low Stokes I intensity at NIR wavelengths from
those targehts by reducing the rate at which light is scattering while leaving the
polarization percentage of the scattered light high.
A low NIR albedo is also the more likely cause of the low Pscat(NIR) in M82.
This is evidenced by the absence of detectable levels of scattered NIR light in the
wind lobes of M82, where ample optical scattered light is detected. A lower PIQ
value cannot reduce the total amount of scattered NIR light. Thus, the fact that no
scattered NIR light is detected from the wind lobes implies that α(NIR) is low rather
than PIQ being low.
Within the disk of the galaxy, a lower than expected α(NIR) yields a lower NIR
polarized intensity (PI), the product of P and Stokes I. This lower PI is easily
diluted to produce the low Pscat(NIR) values observed in the disk of the galaxy, as
expressed by the equation
Pscat,obs =
PIscat
Iscat + Istars
, (4.24)
where Pscat,obs is the observed polarization PIscat is the polarized intensity of the
scattered light, Iscat is the total intensity of the scattered light, and Istars is the total
intensity of the diluting light from the stars in the galaxy disk.
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4.6 Summary
Optical V - and R-band and NIR H- and Ks-band polarimetry of the nearly
edge-on, starburst galaxy M82 was obtained using the PRISM and Mimir imaging
polarimeters on the Perkins telescope. The optical images were obtained using an on-
off-off-on dither pattern, using the off-target positions to estimate the sky brightness
at the time of observation. The luminous extent of M82 is significantly smaller at
NIR wavelengths, so the NIR images were obtained using a hexagonal dither pattern
to fill in bad pixels, while the sky background level for each image was estimated
using pixels far from the galaxy.
The scattering center at each of the four wavebands was identified using a
Bayesian inference technique to simultaneously locate the scattering centers and es-
timate the probability that each pixel has a centrosymmetric or non-centrosymmetric
PA. The distribution of non-centrosymmetric PAs along the major axis of the galaxy
suggests that there is a layer of dust producing scattering-based polarization which
has been modulated by dichroism. There is also a concentration of highly non-
centrosymmetric PAs located ∼ 30′′ to the southwest of the galaxy center which
appears to exhibit dichroism-dominated polarization.
Two “polarization plumes” exhibiting strong NIR P were discovered just off the
ends of the molecular ring in the core of M82. The western plume is surrounded by
highly non-centrosymmetric PAs, but the PAs in both of the polarization plumes are
generally centrosymmetric. Thus, these features were taken to be regions of highly
efficient scattering. The elongation of the plumes along the minor axis of M82 and
their location at the ends of the molecular ring suggest these may be caused by a
localized burst of star-formation which has driven dusty material out of the disk to
create two extended, highly efficient scattering surfaces.
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Analysis of P values and photometric colors found significant separation be-
tween the distributions of scattering-dominated and dichroism-dominated values in
the optical polarization-color plane (PV vs. B−V ). This separation suggests that
it may be possible to use a combination of P and color to identify regions within
an external galaxy where polarization is predominantly caused by scattering. At
NIR wavelengths, the scattering-dominated and dichroism-dominated distributions
strongly overlap in the polarization-color plane. Ergo, these quantities are insufficient
for separating regions dominated by scattering from those dominated by dichroism
in the NIR.
The observations presented in this Chapter provide an answer to two of the
specific sub-questions outlined in Chapter 1. The first question is Q1.b: is strong
NIR Pscat detected in the tenouous, dusty wind lobes of M82? Although the optical
observations of M82 revealed a substantial amount of scattered light from the dusty
wind lobes of this galaxy, the amount of scattered NIR light remained below the
detection threshold of the observations. Thus, although the value of Pscat for the
scattered NIR light from the wind lobes may high, the scattering cross-section of the
dust is so small that the value of Pscat cannot be measured in this part of the galaxy.
The wavelength-dependence of the optical and near-infrared polarization of light
from the external galaxy M82 was characterized. It was found that the polarization
percentage of scattered light (Pscat) was greater at optical wavelengths than at near-
infrared wavelengths. Instead, Pscat as a function of wavelength appears to follow a
dependence similar to the Serkowski law (Serkowski et al. 1975; Wilking et al. 1982),
which characterizes polarization produced by dichroism from magnetically-aligned
dust. Hence, the wavelength dependence of polarization cannot be used alone to
unambiguously distinguish polarizing mechanisms in external galaxies.
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The second question addressed by this chapter is Q2.b: is the ra-
tio (Pscat/Pdichro), as determined from the scattering-dominated and dichroism-
dominated regions of M82, greater at NIR wavelengths than at optical wavelengths?
The value of this ratio was found to be greater at optical wavelengths than it is at
NIR wavelengths. This implies that scattering polarization is more likely to dom-
inate over dichroic polarization at optical wavelengths. The relatively low value of
Pscat(NIR) in the disk of combined with the undetectably low levels of scattered NIR
light in the wind lobes of M82 suggest that the albedo at these wavelengths may
also be very low. In that case, very little scattered light may be present in the NIR
emission from external galaxies. Thus, NIR polarimetry of external galaxes, such as
that presented in the next Chapter, is likely a reliable probe of the Bpos within the
dusty interstellar medium of those galaxies.
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Chapter 5
The Polarization of Edge-on Galaxies
Sample (PEGS)
5.1 Introduction
What is the characteristic orientation of the magnetic (B) field in a typical disk
galaxy? Is the B-field well organized across the extent of the disk, or is the B-field
uncorrelated over kilo-parsec (kpc) scales? How is the B-field in the hot, ionized
interstellar medium (ISM) related to the B-field in the cold, dusty, star-forming
ISM? Some of these questions have previously been addressed through polarimetric
studies of radio-synchrotron emission from external galaxies, but those studies are
only sensitive to the B-field threading the hot ISM, and they typically provide coarse,
arcminute resolution maps of these galaxies. The new, arcsecond resolution, near-
infrared (NIR) polarimetric maps presented in this chapter provide insight into the
B-field in the cold, star-forming ISM of disk galaxies with an unprecedented level of
detail across the full extent of these galaxy disks.
The presence of an interstellar B-field was first detected via optical polarimetry
of stars in the Milky Way (Hiltner 1949a,b; Hall 1949). Radio wavelength polarimetry
of synchrotron radiation has further revealed that the interstellar B-field is ubiquitous
within the Milky Way (Brouw & Spoelstra 1976; Wolleben et al. 2006; Testori et al.
2008) and that similar B-fields permeate the disks of other galaxies as well (Beck
et al. 1980; Sukumar & Allen 1991; Krause 2009).
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What are the possible effects of the interstellar B-field on the dynamics of the
ISM? The presence of a B-field in a partially ionized medium provides a source of
pressure in addition to that provided by the thermal motion of individual particles
and turbulent bulk motion of the gas. If the B-field is well organized and not tangled
into a random configuration, then this pressure introduces anisotropic effects into the
motion of the gas, where the ionized gas more readily flows parallel or anti-parallel to
the B-field but can only move perpendicular to the B-field direction via ambipolar
diffusion (Chen 1974; Crutcher 2012).
The B-field can dynamically affect the behavior of the interstellar medium at
a variety of scales. On the scale of individual clouds (10 − 100 pc), this pressure
can provide additional support against gravitational collapse and may slow the rate
at which stars form (e.g., Marchwinski et al. 2012). This magnetic pressure also
modifies the equilibrium state of the plasma in the galaxy disk such that the scale-
height of the hot gas in the disk is greater that it would be in the absence of a B-field.
Thus, disks with stronger B-fields will tend to have larger vertical scale heights for
the hot gas in the ISM (Boulares & Cox 1990). The magnetic pressure is also the
key dynamic force driving the Parker instability (Parker 1966), which is expected to
produce clumps of high-density gas in a self-gravitating galaxy disk (Rodrigues et al.
2016).
5.1.1 Measuring Interstellar B-fields
The presence and orientation of interstellar B-fields can be detected through
a variety of techniques. The B-field in the hot, ionized ISM can be detected by
measuring the emission from a galaxy at wavelengths on the order of 2−20 cm (Beck
et al. 1996). At these wavelengths, the emission from external galaxies is dominated
by synchrotron emission, produced by the helical motions of free electrons filling the
magnetized, hot ISM. The total synchrotron emission is related to the electron density
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(ne) and the plane-of-sky component of the B-field (Bpos) (Schwinger 1949; Westfold
1959). Thus, an estimate of the strength of the total Bpos (including random and
regular components) can be inferred from the the total polarized intensity at these
wavelengths.
The orientation of Bpos can be inferred from synchrotron polarimetry. The
average electric field vector of the measured radio waves is oriented with a position
angle (PA) orthogonal to the orientation of Bpos of the emitting material. Thus, an
estimate of the orientation of Bpos can be inferred by rotating the measured PA of
synchrotron emission from external galaxies by 90◦.
There are some secondary effects which complicate the interpretation of syn-
chrotron polarimetry. As polarized light is transmitted through a magnetized, ionized
medium, the PA of the light can be modulated by Faraday rotation, as described in
standard reference texts (e.g., Rybicki & Lightman 2008). The amount of rotation
is proportional to the Faraday depth (Φ), which is given by (Beck et al. 1996)
Φ = 0.812
∫ observer
source
neBreg,los dl [rad m
−2], (5.1)
where ne is the electron density in cm
−3, Breg,los is the line-of-sight component of
the regular (non-random) B-field in µG, and l is the location along the line-of-sight,
measured in pc. Using this relation, the total amount of Faraday rotation is given
by
δPA = Φλ2, (5.2)
where δPA is the rotation of the observed PA with respect to the PA of the emitted
light, and λ is the wavelength of the observed light. The effects of Faraday rotation
can be accounted for by observing a source at multiple wavelengths and using the
difference in the PA at those wavelengths to estimate the value of Φ. The sign of
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Φ is related to the average direction of Blos, so measuring Φ to correct for Faraday
rotation also provides information about whether Blos is directed toward or away
from the observer.
The orientation of the B-field threading the cold, dusty ISM can be inferred
using optical and NIR polarimetry. At these wavelengths, light from the stars in
the disk is polarized as it propagates through magnetically-aligned, aspherical dust
grains. Radiative torques from anisotropic radiation fields impart angular momentum
to these charged, aspherical interstellar dust grains (Lazarian & Hoang 2007). The
spinning dust grains develop magnetic moments, and they precess with the average
orientation of their long axes perpendicular to the ambient B-field. These aligned
dust grains act as a dichroic material such that light with an oscillating electric field
perpendicular to the dust grain long axes has a higher transmittance while light with
an oscillating electric field parallel to the dust grain long axes has a lower transmit-
tance (is more absorbed). Thus, the transmitted light gains a net polarization with
an average electric field PA parallel to the orientation of Bpos threading the dusty
material.
5.1.2 Scattering vs. Dichroism in Edge-on Galaxies
The linear dichroism mechanism described above is not the only mechanism to
produce polarized light at optical and NIR wavelengths. As described in Chapters 3
and 4, light scattered by interstellar dust is also highly polarized with PAs gener-
ally unrelated to the directions of the ambient B-field (Bohren & Huffman 2008).
However, the results of the studies presented in those chapters indicate that NIR
observations are less contaminated by scattering and thus more reliably reveal the
B-field in the cold, dusty ISM of external galaxies than optical wavelengths are able
to do.
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Some small amount of scattered light is still expected at NIR wavelengths. The
relative effects of dichroism and scattering in an edge-on galaxy disk were described
by the model of Wood (1997), which was applied to the specific cases of NGC 891
and NGC 4565 by Wood & Jones (1997). According to this model, the key signature
of scattered light in an edge-on galaxy is a disk-perpendicular PA orientation. If
the B-field is predominantly parallel to the disk of the galaxy, then the polarization
due to magnetically-aligned dust grains will be orthogonal to the polarization due
to scattered light. The net effect of these two orthogonal components can cancel to
produce a symmetric pair of polarization “null-points” symmetrically located part
way out along the disk from the galaxy center. In this case, the polarization in
the inner region between the null-points traces the orientation of Bpos, while the
polarization of the light in the outer disk is a by-product of the scattered light and
is not related to the orientation of Bpos.
The NIR polarimetric study of NGC 891 at H-band presented in Chapter 2
found one polarization null-point one only one side of the disk of this edge-on galaxy.
However, the PAs did not exhibit the transition from a disk-parallel orientation in
the inner region to a disk-perpendicular orientation in the outer region, as predicted
by the Wood & Jones (1997) model. Thus, it is unlikely that this null-point was
caused by the interaction of dichroism and scattering.
5.1.3 The Predictions of Dynamo Models
How are the B-fields in disk galaxies generated and maintained? The α2Ω-
dynamo is the dominant theory of B-field generation within the disks of galaxies
(Beck 2015; Brandenburg 2015). This dynamo operates by an induction processes,
which converts kinetic energy into magnetic energy, as expressed by
1
2
ρv2 → B
2
8pi
, (5.3)
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where ρ is the mass density of the ISM, v is the turbulent velocity of the ISM, and
B is the magnetic field strength.
When describing B-fields in a cylindrical coordinate system, such as the disk of
a galaxy, it is useful to decompose the B-field into toroidal and poloidal components.
The toroidal component of the B-field is equivalent to the azimuthal component.
Thus, for a purely toroidal B-field, a surface of constant flux-density traces out the
shape of a torus. The poloidal component of the B-field is the combination of the
non-azimuthal parts of the B-field. Thus, the B-field of an ideal magnetic dipole is
purely poloidal, with no toroidal component.
In a dynamo model, the B-field is generated and organized via two key processes:
the Ω-effect and the α-effect. The Ω-effect shears and organizes the B-field into a
toroidal configuration by the following process. The interstellar B-field is “frozen-in”
to the hot, ionized gas of the ISM (Alfve´n 1942; Shu 1992). The orbital velocity of the
gas in disk galaxies is constant with respect to distance from the galaxy center (e.g.,
Clemens 1985; Sofue & Rubin 2001). This constant velocity produces a differential
rotation with a shear term given by
r
dΩ
dr
= −vc
r
, (5.4)
where Ω is the angular velocity of the rotating material, vc is the constant orbital
velocity of the material, and r is the radial distance from the center of the galaxy.
This shear term is less than zero at all values of r for any value of vc, which implies
that the gas at smaller radii advances “ahead” of the gas farther out in the disk. This
differential rotation of the gas in the disk, combined with the frozen-in magnetic flux
shears the average B-field into a toroidal configuration.
The differential rotation of the disk, working alone, eventually winds the B-field
so tightly that reconnection causes the B-field to rapidly decay (Brandenburg 2015).
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Thus, the Ω-effect alone cannot generate the long-lived B-fields observed in the Milky
Way and other galaxies.
The destruction of the disk-based B-field by reconnection can be prevented
by the α-effect, which converts a fraction of the toroidal B-field into a poloidal
orientation. As gas in the disk is perturbed from its circular, orbital motion (e.g.,
by turbulence, supernovae blast waves, or the Parker instability) it experiences a
Coriolis force due to the rotation of the disk (Parker 1979a). This Coriolis force
produces a helical motion in the gas (Ruzmaikin et al. 1988).
In general, the α-effect works to generate a B-field component perpendicular
to the direction of the prevailing B-field. Thus, the α-effect coverts a toroidal B-
field into a poloidal orientation and a poloidal B-field into a toroidal orientation.
The full α-effect is described by the α tensor (Ferriere 1998). A dynamo model
which incorporates all the terms of this tensor is an α2Ω-dynamo because it includes
the production of both toroidal and poloidal B-field components via the α-effect.
However, the production of toroidal B-fields via the Ω-effect is typically expected
to dominate the α-effect (Ferrie`re & Schmitt 2000; Brandenburg 2015). Thus, the
α-effect is often simplified to only include the production of poloidal B-field from a
predominantly toroidal B-field. This simplification is called the αΩ-approximation
(Hubbard et al. 2011), and dynamo models which employ it are called αΩ-dynamos.
The overarching prediction of such αΩ-dynamo models is that B-fields generated
within galaxies are predominantly toroidal within their disks. Numerical simulations
of an αΩ-dynamo in a disk galaxy predict that the toroidal component of the B-field
strength will be several times greater than that of any poloidal component (Ferrie`re
& Schmitt 2000; Brandenburg 2015). Thus, it is expected that the PA of optical and
NIR polarization should reveal a mostly toroidal disk B-field. In a face-on galaxy,
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this corresponds to a generally spiral PA pattern, while in an edge-on galaxy this
corresponds to a relatively disk-parallel PA pattern.
5.1.4 Interpreting P and PA in Optical and NIR Polarization Maps of
Galaxies
Previous NIR polarimetry of galaxies has revealed a broad range of values of
P within those galaxies (Jones 1989b, 1997; Montgomery & Clemens 2014). Unlike
synchrotron emission, for which the Stokes I and P can be used to infer the total
and plane-of-sky B-field strength, the NIR value of P cannot be directly related to
the strength of the plane-of-sky component of the regular B-field. Jones et al. (1992)
modeled the variables influencing the NIR value of P toward individual stars within
the Milky Way. They highlighted five key properties which produce higher P values
along a given line-of-sight: stronger Bpos, more efficient alignment of the aspherical
grains in the intervening dust, greater optical depth through aligned dust grains,
a highly ordered B-field with a relatively small random component, and a longer
decorrelation optical depth. As these conditions break down, the resulting value of
P is expected to decrease.
In the case of an edge-on galaxy, the several-kpc path length through the disk
guarantees a sufficiently high optical depth to produce a NIR polarization signal.
Also, some amount of grain alignment is also occurring, resulting in the polarization
signal which is detected. However, the degree of grain alignment and its region-to-
region variability across the disk of a galaxy are not well known. The three remaining
factors (the value of Bpos, the level of B-field randomness, and the optical depth
decorrelation scale) are the most likely contributors to higher or lower P values (Jones
et al. 1992). Thus, regions of low P likely include B-fields with low Bpos, randomly
oriented B-fields, a small optical depth decorrelation scale, or a combination of these
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properties, while regions with higher P are more likely to be characterized by the
opposite properties.
Following the interpretation suggested by Wood (1997) and Wood & Jones
(1997), optical and NIR polarization in an edge-on galaxy can be tentatively classified
as being dominated by either dichroism or scattering mechanisms on the basis of the
orientation of the PA relative to that of the disk. In this interpretive framework, disk-
parallel PAs can be unambiguously attributed to dichroism-dominated polarization
caused by a toroidal B-field threading the dusty ISM in the disk.
There is some ambiguity in interpreting the causes of disk-perpendicular PAs. A
region of a galaxy threaded by a vertically-oriented, poloidal B-field and dominated
by linear dichroism rather than scattered light will produce disk-perpendicular PAs.
Evidence of regions with poloidal B-fields in the Milky Way have been seen in the
Galactic Plane Infrared Polarization Survey (GPIPS) (Clemens et al. 2012a). Thus,
it is likely that regions of other disk galaxies may also include poloidal B-fields. A
region of a galaxy dominated by scattered light is also expected to produce disk-
perpendicular PAs (e.g., Bianchi et al. 1996; Wood 1997; Wood & Jones 1997). It is
difficult to falsify the hypothesis that disk-perpendicular PAs in an edge-on galaxy
are due to a vertically-oriented poloidal B-field. This would require an independent
method of measuring the cold ISM B-field to demonstrate that the Bpos orientations
inferred from the NIR PAs are false. However, assuming all disk-perpendicular PAs
are solely due to scattering is strongly biased toward the expectation that B-fields
in the disk are only toroidal and never poloidal. Thus, each region showing disk-
perpendicular PAs in an edge-on galaxy must be individually considered in order
to evaluate whether it is likely that those PAs are caused by scattered light from
the bright central core or if they accurately reveal a poloidal B-field in that part
of the disk. In particular, it is important to consider whether a scattering-based
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model predicts the polarization properties observed within some region showing disk-
perpendicular PAs and predicts the same properties accurately for the surrounding
regions.
5.1.5 The B-field in the Hot and Cold ISM
Does the same B-field thread both the hot and cold components of the ISM?
Does the B-field maintain its orientation as the ISM cools and collapses to form
molecular clouds? These questions can be addressed through a comparison of the
hot ISM B-field probes at radio wavelengths and the cold ISM B-field probes at
optical and NIR wavelengths.
The B-field in the hot ISM of disk galaxies appears to be approximately aligned
with the optical spiral arms. This can be seen from the radio-synchrotron observa-
tions of face-on galaxies (e.g., Beck & Hoernes 1996; Fletcher et al. 2011). It is unclear
whether the B-field in the cold ISM of disk galaxies is also aligned with the material
spiral arms. Some optical polarimetry of face-on galaxies found azimuthally symmet-
ric PA patterns similar to those seen in the at radio-wavelengths (e.g., Scarrott et al.
1987, 1991b; Draper et al. 1992). However, more recent attempts to measure the
cold ISM B-field in the face-on galaxy M51 at NIR wavelengths found that the value
of P was below the detection sensitivity of the Mimir instrument (Pavel & Clemens
2012). The upper limits set on the NIR polarization by Pavel & Clemens (2012)
combined with the Serkowski law (Serkowski et al. 1975) suggest that the earlier
optical polarimetry was unlikely to have been produced by linear dichroism due to
magnetically-aligned dust grains but may instead be due to scattered light from the
bright, central region. If the optical polarization of face-on galaxies is dominated
by scattering rather than dichroism, then it remains an open question whether the
B-field in the cold ISM of disk galaxies traces the spiral arms as it appears to do in
the hot ISM.
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There may be an alternative approach to inferring alignment between the cold
ISM B-field and the material spiral arms. In the analysis of the NIR polarization
of NGC 891, presented in Chapter 2, it was suggested that spiral geometry in the
B-field may be detected through the presence of polarization null-points. In the
putative model of this analysis, the null-points were taken to be caused by the drop
in Bpos at locations where the B-field is directed along the line-of-sight, similar to the
drop in P observed toward the spiral arm tangent points in the Milky Way (Fosalba
et al. 2002).
5.1.6 Overarching Science Goals and Order of Study
This study had four overarching science goals. The first goal is to measure
the orientation of the B-field threading the cold ISM of a sample of nearby, edge-on
galaxies. This can be accomplished by observing a sample of galaxies for polarization
at NIR wavelengths. An accurate interpretation of these observations requires an
assessment of where within the galaxies the observed polarization may be dominated
by scattered light and thereby not tracing the B-field in the cold ISM.
The second goal is to assess whether the B-field varies on an arcsecond angu-
lar (∼ 100 pc physical) scale. Previous optical and NIR studies required binning
observations to coarser (∼ 3′′) resolution to obtain high signal-to-noise ratio (SNR)
measurements of the polarization. The typically coarser angular resolution provided
by radio polarimetry is also unable to measure the B-field on smaller arcsecond
angular resolutions. The new NIR observations presented below yield high-SNR po-
larization measurements with minimal binning and enable the B-field structure on
these smaller scales to be probed. This might elucidate the nature of the random
component of the B-field reported by radio polarization studies (Beck et al. 1996).
The third goal of this study is to analyze the relationship between the B-field in
the hot and cold ISM. This can be done by directly comparing the inferred orienta-
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tions of Bpos as revealed by polarimetry at NIR and at centimeter radio wavelengths.
The NIR polarization can also be analyzed for signatures of spiral structure similar to
the spiral structure seen in the hot ISM B-field of face-on galaxies (Beck & Hoernes
1996; Fletcher et al. 2011).
The fourth goal of this study is to provide observational constraints on dynamo
models. Many of the observed features of B-fields in galaxy disks can be reproduced
by modern numerical simulations of disk-based αΩ-dynamos (Beck et al. 1996; Bran-
denburg 2015). Thus, any significant differences between model predictions and the
NIR polarimetric observations would indicate that more detailed physics needs to be
incorporated into numerical models.
This study proceeds in the following order. Section 5.2 describes the criteria
for selecting a small sample of galaxies for observation, and Section 5.3 describes the
data sets obtained for the study. The analysis in Section 5.4 has several parts. The
NIR polarimetric maps of the complete disks of the observed galaxies are presented
in Section 5.4.1. High resolution polarimetric maps of several sub-regions within the
observed galaxies are presented in Section 5.4.2. Section 5.4.3 presents a comparison
of the B-field as revealed by NIR and radio wavelength polarimetry, and Section 5.5.4
performs an assessment of whether the same B-field threads both the hot and cold
components of the ISM.
The discussion in Section 5.5 addresses several key findings from this study.
Section 5.5.1 returns to the discussion of whether scattering constitutes a signifi-
cant source of contamination for the NIR polarimetric observations, in the context
of previous optical polarimetry and radio-synchrotron polarimetry. Section 5.5.2 dis-
cusses the interpretation of polarization null-points in two of the observed galaxies.
In particular, the possibility that these null-points and other detected polarization
features are related to a spiral structure in the B-field is discussed in Section 5.5.3.
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Section 5.5.5 discusses the challenges to be addressed by future radiative transfer
modeling efforts. In Section 5.5.6, the basic predictions of αΩ-dynamo models are
confronted with the new observations presented in this study. Section 5.6 concludes
with a brief summary of the key results.
5.2 Target Selection
5.2.1 The Advantages of Edge-on Galaxies
Edge-on galaxies provide several advantages for addressing the science goals
stated above. An edge-on inclination presents the maximal optical depth through
the dusty material near the midplane of the disk. This guarantees that there will
be sufficient optical depth to produce polarization via linear dichroism. The low
inclination (face-on) galaxy M51 was previously observed at H-band, and no signif-
icant polarization was found (Pavel & Clemens 2012). This absence of significantly
polarized light is likely due to the low optical depth provided by the viewing angle of
this galaxy. This problem can be avoided by restricting the present study to highly
inclined or fully edge-on galaxies.
Another advantage provided by edge-on galaxies is the reduction in B-field
direction ambiguity. Any poloidal B-field component in the vertical direction, per-
pendicular to an edge-on disk, can be unambiguously identified by the fact that the
projection onto the sky produces a disk-perpendicular PA. Thus, disk-perpendicular
NIR PAs which can be confidently attributed to linear dichroism rather than scat-
tering are indicators of vertically-oriented, poloidal B-fields.
There are some additional advantages to studying the hot ISM B-field in edge-
on galaxies. One such advantage is the ability to spatially separate the B-field in
the halo from the B-field in the disk. Many galaxies have a significant plasma halo,
extending far off the plane of the disk, which can dominate the synchrotron emission
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(e.g., Hummel & Dettmar 1990; Carilli et al. 1992; Duric et al. 1998; Krause 2009). By
observing edge-on galaxies, the projected location of the synchrotron emission from
the B-field in the disk is better separated from the halo emission if the radio beamsize
is less than the width of the disk. Thus, the B-field in these two environments can be
studied separately. This is especially useful for a comparison of the B-fields threading
the cold and hot ISM because optical and NIR polarimetry are only able to probe
the B-field in the dusty ISM, which is generally constrained to the disk.
5.2.2 Selection of the Sample of Galaxies
The science goals stated above were addressed by producing high-resolution NIR
polarization maps of a sample of edge-on disk galaxies. This required bright galaxies
with large angular diameters, to maximize the number of independent resolution
elements in the resulting polarization maps.
The members of the Polarization of Edge-on Galaxies Sample (PEGS) were
selected from the 101 largest galaxies in the 2MASS Large Galaxy Atlas (LGA;
Jarrett et al. 2003) and are listed in Table 5.1. The galaxies were selected from this
set using the following criteria. A minimum declination of −20◦ was required for the
galaxy to be easily observable from Flagstaff, AZ. Only disk-type galaxies (SA, SB,
SAB, or S0) were selected to enable a comparison to the properties of the B-field in
the Milky Way. A maximum H-band Kron magnitude1 of 8 mag was required for
the galaxy to be bright enough to detected significant polarization signals. A total
radius (computed by Jarrett et al. (2003) as five times the Sersic-fit scale length of
the disk) greater than 3′ and less than 6′ was required so that the galaxy disk can be
well resolved by NIR observations but could be fully mapped in a single pointing of
1Kron magnitudes are equal to −2.5 log10(fgal), where fgal the integrated flux contained within
an elliptical radius equal to 2.5 times the intensity-weighted ‘first moment’ radius of the galaxy (cf.
Kron 1980; Jarrett et al. 2003).
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Table 5.1. Details of Observed Galaxies
Galaxy (RA, Dec.) Type HKron Rtot Inclination Distance
[NGC] [J2000] [mag] [′] [◦] [Mpc]
(1) (2) (3) (4) (5) (6) (7)
891 (2h22m33.s5,+42◦20′51′′) Sb 6.36 5.56 90.0 9.86
4013 (11h48m31.s4,+43◦56′49′′) SABb 8.06 2.88 90.0 18.8
4157 (12h11m04.s3,+50◦39′06′′) SABb 7.74 4.60 90.0 16.7
4565 (12h36m20.s8,+25◦59′16′′) Sb 6.35 5.43 90.0 12.1
4594 (12h39m59.s5,−11◦37′23′′) Sa 5.29 4.95 59.4a 8.59
5746 (14h44m55.s9,+01◦57′18′′) Sb 7.21 3.86 90.0 27.0
5775 (14h53m57.s6,+03◦32′40′′) SBc N/Ab N/Ab 83.4 18.0
5866 (15h06m29.s5,+55◦45′48′′) S0-a 7.234 3.24 90.0 14.5
5907 (15h15m53.s6 + 56◦19′45′′) SABc 7.234 5.84 90.0 17.2
References. — Cols. 4 and 5 were taken from the LGA (Jarrett et al. 2003); Cols. 2,
3, 6, and 7 were taken from the HyperLEDA database (Makarov et al. 2014)
a The extended halo of NGC 4594 causes its axis ratio to return a low inclination angle.
However, the elliptical shape of the stellar disk has an axis ratio of a/b = 154′′/15′′, which
implies an inclination angle of ∼ 84◦.
b NGC 5866 is not part of LGA, so no Kron magnitude or total radius was provided
by Jarrett et al. (2003).
the Mimir instrument (Clemens et al. 2007). A minimum inclination angle of 80◦, as
listed in the HyperLEDA database (Makarov et al. 2014), was required for a galaxy
to be considered highly inclined. The sample of galaxies selected for observation are
listed in Table 5.1, along with their basic characteristics, which were taken from the
LGA (Jarrett et al. 2003) and the the HyperLEDA database (see Makarov et al.
2014).
These selection criteria returned 16 out of the 101 galaxies in Jarrett et al.
(2003). To keep the total Mimir observing time within an achievable amount, nine
of the 16 were selected for observation. An additional three galaxies were included
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Table 5.2. Summary of Galaxy Observations
Galaxy Date Exp. Time Num. Obs. Total Seeing Statusa
Integration FWHM
[NGC] [YYYY/MM] [sec.] [hrs.] [′′]
(1) (2) (3) (4) (5) (6) (7)
891 2011/10 10 42 11.2 1.86 A
4013 2015/01 20 10 5.3 2.19 C
4157 2015/01 20 7 3.7 1.73 C
4565 2013/06 10 11 2.9 2.17 A
4594 2013/05 10 11 2.9 1.88 B
5746 2014/04 45 4 4.8 2.48 A
5775 2013/06 10 9 2.4 2.34 A
5866 2014/04 50 4 5.3 2.05 A
5907 2014/04 25 5 3.3 1.61 B
a The status of the observations for each galaxy: A—successful polarimetry, B—
insufficient stellar photometry to accurately correct for variable atmospheric transmis-
sion, C—half-wave-plate rotation failure prevented accurate polarimetry.
in the sample. The first additional galaxy was NGC 4013, which is too small to
be included in the initial selection but was selected because of its perfectly edge-on
inclination and dark dust-lane bisecting the disk. The second additional galaxy was
NGC 5775, which is not included in the LGA but has a bright radio halo which
has been well studied using synchrotron polarimetry (e.g., Soida et al. 2011). Thus,
this galaxy provides an additional opportunity to study the relationship between
the B-fields threading the hot and cold components of the ISM. The third additional
galaxy was NGC 5866, which was also too small to be included in the initial selection
but was selected because it is a lenticular galaxy with an edge-on dust lane. There
have been no known detections of a B-field in a lenticular galaxy via optical or NIR
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polarimetry, but the presence of a dust lane in this galaxy provides an ideal case for
potentially detecting a B-field via these techniques.
5.3 PEGS Datasets
5.3.1 NIR Observations
NIR polarimetry of the nine highly inclined or edge-on disk galaxies, listed in
Table 5.1, was performed in H-band (1.6 µm) using the Mimir instrument (Clemens
et al. 2007) on the Perkins 1.83 m telescope outside Flagstaff, AZ. Observations were
conducted over eight separate observing runs between 2011 October and 2014 April.
Mimir used an InSb Aladin III 1024×1024 pixel array detector with equatorially
aligned axes and a 10′ field-of-view (FOV), sampled at 0.′′58 pixel−1. NIR linear
polarization was measured using a rotatable, cold, compound half-wave-plate (HWP)
and a fixed, cold wire-grid.
A six-point hexagonal dither pattern with separations ranging from 15′′ to 60′′
was used to remove the effects of hot and cold pixels. At each pointing, one image
was obtained for each of the 16 unique HWP rotation angles. Thus, each exposure
set includes 96 separate images. As noted in Table 5.1, the observations of four of the
nine observed galaxies were unsuccessful either due to a malfunction of the observing
instrument or an inability to adequately correct for variations in the atmospheric
transmission. The reduction procedure for all science observations is described in
Section 5.3.3
The HWP rotational offset and instrumental polarimetric efficiency were deter-
mined using a set of calibration observations. These consisted of a set of dedicated
observations of polarimetric standard stars taken from Whittet et al. (1992) as de-
scribed in Clemens et al. (2012b).
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5.3.2 Complementary Datasets
One of the goals of this study was to probe the relationship between the cold
and hot ISM B-fields. Addressing this goal required the use of the additional datasets
described below.
Synchrotron Polarimetry
Synchrotron polarimetry data from the Continuum Halos in Nearby Galaxies:
An EVLA Survey (CHANG-ES, Irwin et al. 2012) were retrieved from the Queen’s
University (Canada) servers2. These data provide information regarding the B-field
threading the hot ISM of these galaxies. The CHANG-ES data included polarime-
try for three of the five successfully observed (type A in column 7 of Table 5.2)
galaxies. There were no other published radio wavelength polarimetry of any other
galaxies in the sample, so the CHANG-ES data were exclusively used as the source
of synchrotron polarimetry data.
The CHANG-ES data included observations at 6 cm and 20 cm. The 6 cm
data were used due to the lesser effect of Faraday rotation and depolarization ex-
pected at shorter wavelengths (see Equation 5.2, above). The data also included
both smoothed and un-smoothed images. The smoothed images were produced by
adding a Gaussian restoring component to the Fourier-space UV-beam. These “UV-
tapered” data (Wiegert et al. 2015) were used for this study because they provided
higher SNR, though at the cost of coarser angular resolution. The FHWM of the
PSF for the UV-tapered data was approximately 16′′, with the exact values given in
Table 4 of Wiegert et al. (2015). This beamsize is significantly smaller than the semi-
minor axis of the observed edge-on galaxies, so observations with pointings located
2http://www.queensu.ca/changes/
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on the disk genuinely probe the B-field of the disk rather than being dominated by
emission associated with the B-field in the halo region.
Optical Extinction Tracers
Dichroic polarization generally increases with optical depth (Jones et al. 1992).
The attenuating effects of the dust within the observed galaxies are less apparent
in the NIR observations due to the lower extinction coefficient at NIR wavelengths
(Fitzpatrick & Massa 2007). Optical photometry is much more sensitive to the effects
of dust and more clearly reveals the distribution of dusty material within the disks
of these galaxies. Thus, optical observations were used as the background images for
some of the PA maps presented below. For those galaxies observed by SDSS, optical
g′-band images were retrieved from the Sloan Digital Sky Survey (SDSS; Blanton
et al. 2017). The galaxy NGC 891 was not observed by SDSS, so a Harris V -band
image obtained by Howk & Savage (1999) using the WIYN telescope at Kitt Peak
National Observatory (KPNO) in Arizona was downloaded from the NASA/IPAC
Extragalactic Database (NED) and used for this galaxy.
Additional Cold Dust Tracers
In the case of NGC 5866, there is substantial starlight coming from the halo
region, far from the plane of the disk where the extincting dust can be seen in optical
images. As will be shown below, significant levels of polarization were detected in
that halo region. This suggests the presence of dust in the halo. The low level of
star-formation in this lenticular galaxy (Blanton & Moustakas 2009) implies that
if there is dust in the halo, it is likely to be cold and only radiate at far-infrared
(FIR) wavelengths. Thus, the 160 µm image from the PACS instrument on the
Herschel space telescope was retrieved from the IRSA servers and used to search for
the presence of this cold halo dust.
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5.3.3 NIR Data Reduction
The new NIR observations obtained from the Mimir instrument were reduced
using the Mimir Software Package Basic Data Processing (MSP-BDP v3.4.2) and
Photo-POLarimetry (PPOL v8.4.3) tools described in Clemens et al. (2012c). The
BDP software applied a pixel-by-pixel linearity correction, corrected for dark current
in the detector, and applied flat fielding specific to each HWP rotation angle. These
images were further processed by PPOL, which rejected bad or missing pixels, per-
formed astrometric registration to 2MASS point sources, and corrected for variable
atmospheric transmission.
Manual Astrometry
Some of the PEGS galaxies had very few bright stars within the 10′ Mimir FOV
such that the automatic astrometric registration procedure of PPOL failed. For these
images, star positions were manually identified, and the centroid of the light from
the identified stars was computed to generate final star positions. These positions
were combined with the equatorial coordinates for the corresponding entries in the
The Two Micron All Sky Survey catalog (2MASS; Skrutskie et al. 2006) and used to
compute astrometric solutions for each image.
Masked-Supersky Flattening
There are several residual, optical artifacts, likely due to instrumental thermal
emission, which were not adequately removed by the in-dome flat-fielding procedure.
Without removing these features, the dither pattern mapped these features onto
different parts of the galaxy for each pointing, and this introduced errors into the
final Stokes parameters. Thus, it was essential that these features be removed from
each frame before producing the final polarization maps.
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This secondary flattening was accomplished using a masked-supersky routine.
The full, masked-supersky flattening procedure was described in Chapter 4 and is
briefly recapitulated here. The primary problem was that computing a filtered me-
dian image from the unaligned images returns an estimate of the sky brightness which
removes stellar flux but does not adequately remove flux contributed by the galaxy.
This is due to the large size of the galaxy relative to the imaging dither pattern.
This can be overcome by generating a mask to explicitly remove the galaxy from
each image before computing a median supersky image. Such a mask was generated
for each galaxy by fitting a set of Se´rsic disk (Se´rsic 1963) and de Vaucouleurs bulge
(de Vaucouleurs 1948, 1953) models to the 2MASS Large Galaxy Atlas (LGA; Jar-
rett et al. 2003) image tile of a given galaxy. The best fitting model was determined
using the MPFIT software package (Markwardt 2009) and used to generate a spatial
mask to apply to the Mimir frames. These unaligned, masked frames were used to
generate a supersky image with which to subtract the residual, (thermal) emission
features from each Mimir data frame.
Atmospheric Transmission Coefficients
The PPOL reduction procedure described in Clemens et al. (2012c) included
a step to correct for time-variability in atmospheric transmission. This step deter-
mined an atmospheric transmission by comparing the stellar photometry across all
96 frames in a given observation. The reduction procedure decomposed the frame-
to-frame variation in stellar fluxes into both a long time-scale variation, associated
with atmospheric gravity-waves passing over the observing site and slow changes in
airmass, and a short time-scale variation, associated with stochastic processes in the
atmosphere.
The FOV surrounding some of the observed galaxies included too few bright
stars to provide enough reliable photometric measurements to accurately constrain
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the short time-scale frame-to-frame atmospheric transmission coefficients. The PPOL
procedure selected a single aperture size to estimate the stellar photometry for all
96 frames. Thus, slight frame-to-frame changes in the point spread function (PSF)
dominated the estimation of the atmospheric transmission coefficients for galaxies
with a small number of nearby stars and prevented these galaxies from being mea-
sured with a precision better than 1%. The NIR polarization signal expected in such
galaxies is typically at the 1% level (Jones 1997, 2000), so the galaxies with too few
stars in their Mimir fields were omitted from the final sample used in this study.
Computing Average Stokes Images
The correction factors for the atmospheric transmission coefficients were used
as scale factors to combine the observations of a given target into a set of 16 master
HWP-specific images. These 16 images were further reduced into four instrument-
independent-position-angle (IPPA) images corresponding to 0◦, 45◦, 90◦, and 135◦.
The uncertainties in these IPPA images were estimated by assuming Poisson statistics
for each individual contributing image.
These IPPA images were further combined to produce Stokes I, Q, and U images
via the equations
I = 0.5× (I0 + I45 + I90 + I135),
Q = (I90 − I0)/(I90 + I0), and
U = (I135 − I45)/(I135 + I45).
(5.5)
The uncertainties in these Stokes values were propagated from the uncertainties in
the associated IPPA images. The average full width at half maximum (FWHM) for
the PSFs of the Stokes I images for these galaxies was 2.′′17.
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Final photometric calibration
Each deep Stokes I image produced by applying Equation 5.5 was photometri-
cally calibrated using 2MASS point source catalog stars located within the field as
photometric standards. The stellar magnitude curve-of-growth for the stars in the
final Stokes I image was measured using the technique described by Stetson (1990).
The aperture photometry of these point sources was measured and an aperture cor-
rection was applied to each measurement, again using the technique described by
Stetson (1990). These corrected photometric measurements were used to compute a
zero-point magnitude offset for the image. This calibration constant was combined
with the 2MASS H-band zero-magnitude flux provided by Cohen et al. (2003) to
produce a flux-calibrated image.
Polarimetric Calibration
Polarimetric calibration of the Mimir data using a set of observations of po-
larimetric standard stars taken from Whittet et al. (1992) was described in Clemens
et al. (2012b). The H-band polarimetric efficiency (H) was determined by fitting
a line the P values reported by Whittet et al. (1992) and the P value measured by
Mimir and forcing the line to pass through the origin. The slope of this line is equal
to the efficiency with which the Mimir instrument measures the polarization of light.
Using this procedure the H-band polarimetric efficiency of the Mimir instrument was
determined to be H = 0.9203 ± 0.0029 (Clemens et al. 2012b). The Stokes Q and
U images from Equation 5.5 were divided by this efficiency factor to correct for the
instrumental measurement efficiency.
The rotational offset between the HWP and the equatorial coordinate system
was also determined from the observations of polarimetric standard stars, as de-
scribed in Clemens et al. (2012b). This calibration constant was determined by
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fitting a linear relation between the value of PA reported by Whittet et al. (1992)
and the value measured by Mimir and forcing the line to have a slope of ±1. The sign
of the slope indicates the direction the HWP rotated with respect to the convention
of PA increasing in the east-of-north direction. The intercept indicates the zero-point
offset between the home position of the HWP and the equatorial coordinate frame
with the convention that a PA of 0◦ is oriented north-south direction.
The efficiency-corrected Stokes Q and U images were used to compute P and
PA via the equations
P =
√
U2 +Q2 and
PA = 0.5 arctan
(
U/Q
)
+ Θ.
(5.6)
where Θ is the Mimir HWP rotation offset. The uncertainty in P was computed
and the positive bias in P was removed using the technique described in Chapter 3
Section 3.4.4. The uncertainty in PA was computed using Equation 3.10.
5.4 Analysis
5.4.1 NIR Polarization of Individual Galaxies
The following sections present the NIR polarization maps of the observed galax-
ies. These are the first NIR polarization maps of the complete disks of these galaxies,
with the exception of NGC 891, which was analyzed in Chapter 2 and published in
Montgomery & Clemens (2014). All images in the analysis which follows were rotated
such that their major axis extends along the horizontal direction and the minor axis
extends along the vertical direction. For consistency, the rotation was performed so
that the brighter half of the nuclear region was located at slightly positive minor axis
offsets and the dust lane was located at slightly negative minor axis offsets.
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Polarization Maps and Profiles
The adaptive mesh refinement (AMR) routine described in Section 3.4.6 was
used to produce maps of NIR P across the full disk of each observed galaxy using
a minimum polarimetric SNR of P/σP ≥ 3.0 and a maximal rebinning of 16 pixels.
This procedure yielded high resolution maps of P while minimizing the biasing effects
of low SNR polarimetric measurements. Thus, any variation on arcsecond scales
within these P maps is due to actual variation of the polarization of the light from
the galaxy rather than the result of pixel-to-pixel noise.
It was not possible to visually represent the high density of independent PA
measurements obtained through the AMR procedure in a decipherable way while
still showing the full galaxy disk. Thus, a secondary PA map was produced using a
uniform 16 pixel binning across the entire galaxy. These coarser binned PA maps were
used to provide a representation of the general variation of PA across the complete
disks of the observed galaxies. The high resolution PA maps across the bright central
zone are presented in Section 5.4.2, below.
In the sections which follow, each PA measurement is visually represented by a
single line-segment. The length of the line-segments were set to a constant value to
simplify interpretation of the PA map. The orientation of each line-segment was set
parallel to the PA value. The value of P associated with each PA is shown by the
color of the corresponding location in the adjacent P map.
Polarization profiles of P and PA along the major axis of the disk were produced
to examine the variation in these quantities along the extent of the disk. These
profiles were generated by computing the major and minor axis positions of all pixels
relative to the bright peak at the galaxy center in the H-band Stokes I image. The
weighted mean values of Q and U were computed for pixels located within a set of
5′′ wide bins spaning the length of the major axis. Inverse variance weights were
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used to compute the mean because this more heavily weights the data from the
brighter pixels near the midplane of the disk, which have lower uncertainties in their
Stokes Q and U values. These weighted mean Q and U values were substituted into
Equation 5.6 to produce the major axis profiles of P and PA.
The polarization profiles computed in the above way exhibited significant bin-to-
bin variation. The profiles of Stokes Q and U values were smoothed with a three-bin
triangle kernel
k = [0.25, 0.5, 0.25] (5.7)
to emphasize variation at slightly larger scales rather than the 5′′ bin separation.
These smoothed profiles were used to construct the P profiles while the PA profiles
were computed from the unsmoothed Q and U profiles, as those revealed some very
significant PA variation on the 5′′ bin-to-bin scale.
The PA quantity in Equation 5.6 is defined with respect to the equatorial ref-
erence frame. However, the disk-relative position angle (PAd−r) is often a more
physically useful quantity. In this disk-relative frame, PAd−r values close to 0◦ are
disk-parallel, PAd−r values close to +90◦ or −90◦ are disk-perpendicular, and the
value of PAd−r increases in the east-of-north direction. The polarization profiles be-
low show PAd−r instead of PA. The equatorial, NIR PA values were transformed into
the PAd−r values using the equation
PAd−r =
1
2
arctan
(
sin
(
2(PA− PAgal)
)
cos
(
2(PA− PAgal)
)) , (5.8)
where PA is the NIR position angle in the equatorial frame, and PAgal is the position
angle of the major axis of the galaxy in the equatorial frame, and an arctan function
which preserves quadrant information was used.
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An additional processing step was applied to the values of the PAd−r profiles
to facilitate their physical interpretation. Equation 5.8 yields values in the range
−90◦ to +90◦. However, there are occasions where the profile values drift over the
edge of this range, causing the value of PAd−r to wrap around the ±90◦ boundary
and introducing a discontinuity in the profile. These discontinuities were removed
by identifying values which are more than 90◦ from their neighboring PAd−r values
and adding or subtracting 180◦ to those values in order to bring them into closer
agreement with the neighboring profile values. This results in PAd−r values which are
outside the −90◦ to +90◦ range but more accurately represent the gradual transitions
in PAd−r observed through these galaxies (Clemens et al. 2018, in preparation).
NGC 891
NGC 891 is a nearby Sb-type galaxy (Makarov et al. 2014), similar to the
Milky Way (Hodge 1983). The most striking difference between NGC 891 and the
Milky Way is the elevated star-formation rate (SFR) of 2.43 M yr−1 (Hodges-Kluck
et al. 2016) compared to SFR = 1.65 ± 0.19 M yr−1 for the Milky Way (Licquia
& Newman 2015). This heightened SFR may be what has given rise to an extended
halo of magnetized plasma, which can be detected via the synchrotron radiation it
emits (Sukumar & Allen 1991; Krause 2009).
The PA and P maps of NGC 891 obtained by Montgomery & Clemens (2014) are
shown in the top two panels of Figure 5.1, and the bottom panel shows profiles of the
average value of P and PA along the major axis. The PA map shows a roughly disk-
parallel orientation with little variation across the extent of the disk. The average
PA across the majority of the disk is slightly offset from a perfectly disk-parallel
orientation by ∼ 15◦, as was previously shown in Chapter 2. The northeast (NE)
region of the disk shows PAs which are slightly closer to a disk-parallel orientation,
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Fig. 5.1: Maps and profiles of P and PA in NGC 891. The axes indicate the
angular offset and projected physical offset from the bright central peak in the H-
band Stokes I image along the major and minor axes. (top) The 16×16 pixel binned
PA map of NGC 891 plotted over the H-band Stokes I image with the arcsinh
intensity scale shown in the colorbar at the right. The orientation of each red line
segment in this panel indicates the inferred orientation of Bpos permeating the dusty
ISM in that region of the galaxy. (middle) The P map of NGC 891 produced by the
AMR procedure with the linear scaling of P shown in the color bar at the right. Pixels
where P/σP ≤ 3.0 were assigned a value of P = 0. A semi-opaque white rectangle
indicates the region used to produce the polarization profiles in the bottom panel,
and a compass in the top-right corner of the panel indicates the direction of north and
east in the Equatorial frame. (bottom) The profiles of P and PAd−r along the major
axis of NGC 891 are shown in red and blue solid lines, respectively. The uncertainties
in these profile values are indicated by the shaded regions surrounding the solid lines.
The left vertical axis indicates the scaling of P and the right vertical axis indicates the
scaling of PAd−r. Horizontal, dashed lines indicate fiducial markers for disk-parallel
and disk-perpendicular orientations, and vertical, dotted lines indicate the locations
of the polarization null-points discussed in the text.
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but compared to the rest of the galaxies observed, the most striking feature of the
PAs in NGC 891 is the low amount of variation across the disk.
The value of P reaches a peak value of ∼ 1.5% along the dust lane in the central
region. The high SNR obtained for this galaxy reveals that the value of P is highly
structured within the central dust lane region including several “blob-like” features
with high P separated by narrow gaps with low P . These regions of high P may
represent localized zones with highly organized Bpos.
The polarization profiles show that P is relatively high along the dust lane in
the central region, while it generally falls to lower values in the outer disk of the
galaxy. There are several polarization “null-points” within this large-scale trend.
These null-points were identified by eye as those locations where there is a local
minimum in the major axis P profile which persists for more than one 5′′ wide bin
or which also shows a significant change in the major axis PA profile (see description
below).
The location of each null-point, and its neighboring values of PAd−r, are
listed in Table 5.3. The uncertainty in the null-point location was estimated as
FWHMnp/2.355 where FWHMnp is the FWHM of the null-point feature and 2.355 is
the ratio of the FWHM to the 1σ width of a Gaussian profile. The average and the
uncertainty in the PAd−r values on the inner (closer to the galaxy center) and outer
(farther from the galaxy center) sides of each null point were computed using a 3σ
median-filtered-mean of the profile PAd−r values located within 30′′ of the associated
null-point.
A total of six null-points were identified in NGC 891, with locations which are
approximately symmetric about the galaxy center. None of the identified null-points
exhibit a transition from disk-parallel PA to disk-perpendicular PA. This table in-
cludes several null-points which were not identified in the original analysis of NGC 891
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Table 5.3. Polarization Null-Points of NGC 891
Label Location Inner PAd−r Outer PAd−r
[arcsec] [deg.] [deg.]
NP3-NE −200± 4 −3.8± 1.0 −10± 3
NP2-NE −120± 10 −2± 5 −12.6± 1.6
NP1-NE −68± 2 −10.0± 0.5 −8.1± 1.5
NP1-SW +62± 3 −15.3± 0.7 −21.0± 1.2
NP2-SW +118± 2 −11.9± 2.7 −7± 3
NP3-SW +188± 5 −7± 5 +6± 6
in Chapter 2. These additional null-points were identified because the smoothed Q
and U profiles used to construct the P profile provided a better indication of where
P obtained a local minimum by reducing the bin-to-bin variation and emphasizing
the P structure at ∼ 10′′ scales. The additional information provided by the PA
profile also helped to identify NP3-SW.
In general, the PAd−r profile sits at a value of −15◦ with ∼ 10◦ of variation.
However, the value of PAd−r smoothly smoothly sweeps from ∼ 0◦ to ∼ 180◦ and
back to ∼ 0◦ over a span of just a few arcseconds (∼ 100 pc) at the location of null-
points NP2-NE and NP3-SW. The fact that the sweeping PA features occur at the
same location as two polarization null-points suggests that there is a significant shift
in the B-field properties within these polarization features. This may be analogous
to the shift in polarization properties observed at spiral arm tangent-points in the
Milky Way (Fosalba et al. 2002) or a large-scale B-field reversal such as the one
which has been detected within the Milky Way (Han et al. 1999).
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NGC 4565
NGC 4565 is an Sb-type galaxy much like the Milky Way and NGC 891. The
key distinguishing features of this galaxy are its less pronounced bulge (Kormendy
& Barentine 2010) and its lower SFR of 0.80 M yr−1 (Hodges-Kluck et al. 2016).
The PA and P maps of this galaxy are shown in the top two panels of Figure 5.2.
The bottom panel shows profiles of P and PA along the major axis of the galaxy.
The structure of the PAs in this galaxy is much more complicated than in NGC 891.
In the central region, PAs are disk-parallel along the dust lane and at negative minor
axis offsets, but the PAs rotate to a ∼ 45◦ disk-relative orientation at positive minor
axis offsets.
The PAs in the outer disk region also exhibit much more structure than in
NGC 891. The PAs in the SE disk become disk-perpendicular just outside the central
region. This pattern persists through the remainder of the SE disk with a few slight
variations from a perfectly disk-perpendicular orientation. The PAs in the NW disk,
rotate to a∼ 45◦ disk-relative orientation just outside the central region. This pattern
extends to a major axis offset of −175′′, where the PAs return to an approximately
disk-parallel orientation.
The disk-perpendicular PAs in the SE disk of NGC 4565 present a case which
closely matches the polarization pattern predicted by Wood (1997) where PAs are
disk-parallel in the inner region and then change to disk-perpendicular in the outer
region, and the transition occurs across a null-point with a low value of P . At first
glance, these characteristics suggest that the polarization in the SE disk at major axis
offsets greater than +65′′ is dominated by scattered light. This evidence, however,
must be interpreted in the context of the polarization observed throughout the rest
of the disk.
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Fig. 5.2: The same as Figure 5.1, but for NGC 4565. Note the presence of disk-
perpendicular PAs in the SE disk and the significant variation of P across the extent
of the full disk.
Scattered light cannot easily explain the PAs in the NW disk of NGC 4565.
The PAs in the NW disk depart from a disk-parallel orientation, but they transition
to a ∼ 45◦ disk-relative orientation rather than the disk-perpendicular orientation
expected for scattering-dominated polarization. No scattering-based polarization
model predicts such a PA orientation, so these PAs do not apear to be caused by
scattered light. Furthermore, the PAs at even greater major axis offsets return to an
approximately disk-parallel orientation. It is even more difficult to explain the return
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to disk-parallel PAs in the outer NW disk in terms of scattered light, as scattered
light in an edge-on disk is never expected to produce disk-parallel PAs.
The asymmetry in the PA properties of the NW and SE disk present a further
challenge to the scattering hypothesis. If the conditions in the SE disk are such that
scattering can be the dominant source of polarization there, then how is it that the
conditions in the NW disk are so different that scattering does not dominate there?
This level of asymmetry is extremely difficult to account for in terms of scattered
light.
The P map of NGC 4565, shown in the center panel of Figure 5.2, exhibits
several similar features to the P map of NGC 891. There is a strip of strongly
polarized light with P ≈ 1.0% along the central dust lane. Just outside the central
region, the value of P rapidly drops at major axis offsets of −75.′′0 and +65.′′0.
In the NW disk, the value of P returns to a value of ∼ 1.0%, and this extends
to a major axis offset of −170.′′0, where there is another localized drop in the value
of P . In the SE disk, there are a few localized patches where P rises as high as 1.0%,
but the value of P in this part of the disk is generally much lower than in the NW
disk. This asymmetry of high P in the NW disk and low P in the SE disk is similar
to the asymmetry found in NGC 891, which showed high values of P in the NE disk
and lower values of P in the SW disk.
The major axis polarization profiles shown in the bottom panel of Figure 5.2
quantify some of the observations noted above. In particular, these profiles indicate
the likely presence of five polarization null-points, which are cataloged in Table 5.4
using the same procedure described for NGC 891, above. The average value of PAd−r
sharply changes across all but one of these null-points, but not always in the way
expected based on the model of Wood (1997). In the NW disk, the average PA value
transitions from PAd−r = 0◦ to PAd−r = 45◦ across the null-point NP1-NW, and it
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Table 5.4. Polarization Null-Points of NGC 4565
Label Location Inner PAd−r Outer PAd−r
[arcsec] [deg.] [deg.]
NP2-NW −175± 8 +52± 3 −19± 4
NP1-NW −75± 8 +9.4± 2.3 +47.3± 1.4
NP1-SE +65± 3 +0.4± 1.2 +88± 10
NP2-SE +130± 8 +104± 5 −70± 14
NP3-SE +200± 9 −90± 6 −121± 22
transitions back to PAd−r ≈ 0 across the null-point NP2-NW. In the SE disk, the
average PA value transitions from PAd−r = 0◦ to PAd−r = ±90 across the null-point
NP1-SE. The PA remains disk perpendicular across the remainder of the SW disk,
but the 5′′ resolution profile reveals that the value of PAd−r sweeps from +90◦ to
−90◦ across NP2-SE and remains at PAd−r across NP3-SE.
NGC 5746
NGC 5746 is an early-type galaxy with a “boxy-bulge.” This is the photometric
indication of a prominent bar feature seen from an edge-on viewing angle (Kormendy
& Kennicutt 2004). This galaxy also includes a ring structure which extends to an
angular radius of 68′′ (Barentine & Kormendy 2012).
The polarization maps and profiles of this galaxy are shown in Figure 5.3. The
PAs across this disk exhibit precisely the opposite of the pattern predicted by the
Wood (1997) model. The PAs near the center of the galaxy are predominantly
disk-perpendicular while the PAs at the periphery of the galaxy are disk parallel.
No scattering-based model of polarization from galaxies predicts this arrangement.
Thus, it is likely that these PAs indicate the orientation of Bpos in the disk of this
galaxy.
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Fig. 5.3: The same as Figure 5.1, but for NGC 5746. Note the low and disk-
perpendicular PAs in the central region and the disk-parallel PAs in the outer disk.
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In that case, then the disk-parallel PAs which dominate in the outer disk indicate
a predominantly disk-parallel B-field at those locations. The disk-perpendicular PAs
in the core region indicate a strongly poloidal B-field, perhaps driven by a strong
nuclear wind dragging the B-field out into the halo (cf. Jones 2000). If that is the
case, then the vertical wind in this galaxy appears to extend into the disk, out to a
transition point at a major axis offset of −100′′ in the northern disk and +40′′ in the
southern disk. Such a poloidal nuclear B-field is a commonly-excited mode within
numerical simulations of a disk-based dynamo and may indicate that the α-effect
is the dominant source of B-field generation within the central region of the galaxy
(Donner & Brandenburg 1990; Brandenburg 2015).
The high level of confidence with which the scattering-based explanation of
the disk-perpendicular PAs can be rejected for this particular galaxy increases the
plausibility that the disk-perpendicular PAs in other galaxies are due to poloidal
B-fields. If the disk-perpendicular PAs in this galaxy are genuinely due to a poloidal
B-field in the central region of the galaxy, then this demonstrates that poloidal B-
fields do exist within galaxy disks and can be detected via NIR polarimetry.
The light from this galaxy is only weakly polarized, with P rarely rising above
1.0%. Most of the light in the bulge region is polarized with P ≈ 0.5%. The value of
P in the northern disk region transitions from lower to higher P at a major axis offset
of −100′′. The southern disk is almost completely unpolarized with a characteristic
1σ upper limit of ∼ 0.1% across this region. There is a single region at the extreme
end of the southern disk with detectable levels of P ≈ 1.5%.
The polarization profiles of NGC 5746 are shown in the bottom panel of Fig-
ure 5.3. Here it can be seen that the transition from disk-perpendicular PA in the
central region to disk-parallel PA in the northern disk occurs across the same region
where the value of P rises from 0.5% to 1.5%. Thus, these changes in the polariza-
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tion properties of the light from NGC 5746 are likely caused by a genuine shift in
the B-field properties across the disk of the galaxy.
NGC 5775
NGC 5775 is a barred, flocculent spiral galaxy (Elmegreen & Elmegreen 1987)
which is often also classified as a starburst galaxy on account of its high SFR of
3.97 M yr−1 (Hodges-Kluck et al. 2016). The starburst activity of NGC 5775 was
likely triggered by the ongoing tidal interaction with is neighboring face-on galaxy,
NGC 5774 (Irwin 1994). Several visible bright spots of Hα emission, associated with
active star-forming regions along the near side of the galaxy (Collins et al. 2000;
Tu¨llmann et al. 2000), and a single band of dust stretch along the full length of the
disk, passing a few arcseconds to the northeast side of the central nucleus (Irwin
1994). As in the case of NGC 891, the fact that this galaxy is forming stars at such
a rapid rate may also be a cause of the radio-bright halo of magnetized plasma laced
by poloidal B-fields (Soida et al. 2011).
The polarization maps and profiles of NGC 5775 are shown in Figure 5.4. There
is a very strong PA asymmetry about the minor axis of this galaxy. The PA in
the northwestern half of the galaxy is generally disk-parallel while the PA in the
southeastern half of the disk is generally disk-perpendicular. This arrangement of
PAs is also not predicted by any scattering-dominated model of polarization from a
galaxy (Bianchi et al. 1996; Wood 1997; Wood & Jones 1997; Peest et al. 2017), thus
these PAs likely indicate the genuine orientation of Bpos in the disk of this galaxy.
The asymmetry in PA indicates an unexpected asymmetry in the B-field. The disk-
parallel B-field in the NW disk indicates either a toroidal configuration, due to the
differential rotation of the disk, or radial configuration, which may be related to the
ongoing tidal interaction with NGC 5774 (Irwin 1994). If the later is the case, then
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Fig. 5.4: The same as Figure 5.1, but for NGC 5775. A white arrow in the top right
corner also indicates the direction toward the interacting galaxy NGC 5774. Note the
relatively clean division of disk-perpendicular PAs in the SE disk and disk-parallel
PAs in the NW disk. Like NGC 5746, the value of P is low throughout the central
region.
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the B-field configuration may indicate the effect of the tidal stripping occurring in
the NW region of NGC 5775.
The NIR PA toward the center of NGC 5775 is disk-parallel at negative minor
axis offsets and disk-perpendicular at positive minor axis offsets. This is similar
to the sudden switch in PA orientation observed across the plane of the disk in
NGC 4565. An examination of the SDSS optical observations of NGC 5775 indicates
that there is a foreground dust lane which passes several arcseconds to the NE side of
the bright nucleus (Blanton et al. 2017) and can be seen as a dark band of extinction
across the entire disk. This pattern of disk-parallel PAs through the dust lane and
disk-perpendicular PAs in the bright region just off the dust lane is also present in
NGC 4565 and may again indicate a poloidal B-field in the central zone of the galaxy
(cf. Jones 2000).
It is also unlikely that the disk-perpendicular PAs are produced by scatter-
ing because the conditions for scattering-dominated polarization are not well met
in NGC 5775. The production of scattering-dominated polarization depends on an
anisotropic radiation field caused in large part by the bright central bulge (Wood
1997; Wood & Jones 1997). However, NGC 5775 is an Sc type galaxy, which has a
weak central bulge (Simien & de Vaucouleurs 1986; Graham 2001). Thus, it is un-
likely that the radiation field incident on the scattering dust is sufficiently anisotropic
to produce a strong scattered-light polarization signal.
Similar to the case of NGC 4565, a scattering-based explanation of the disk-
perpendicular PAs cannot account for the asymmetry in the PAs observed in
NGC 5775. There are disk-perpendicular PAs in the SE disk and disk-parallel PAs
in the NW disk. Describing this polarization asymmetry in terms of scattered light
would require substantially more scattered light in the SE disk than in the NW
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disk, and it is unclear how such an asymmetry would arise from what is otherwise a
relatively symmetric distribution of illuminating stars and scattering dust.
The value of P is very low throughout most of this galaxy. Even in the bright
center of the galaxy, where polarization is detected with high SNR in the other
galaxies, the value of P in this galaxy is lower than the 3σ detection threshold for
many of the AMR synthetic pixels. Instead, only a 1σ upper limit of 0.1% can be
set for this region. Where P is detected, it is on the order of 1.0% across most of the
disk, except in the far NW disk where it rises as high as 3.0%.
The polarization profiles exhibit similar features to those seen in the other galax-
ies. The average PA along the disk midplane region used for the polarization profiles
exhibits with a disk-perpendicular orientation at all major axis offsets greater than
−40′′. There is a PA sweep from +90◦ to −90◦ across the very center of the galaxy
similar to those seen in NGC 891 and NGC 4565. The polarization profiles also
indicate that the transition from disk-perpendicular to disk-parallel PAs in the NW
disk is accompanied by a significant rise in the value of P at those same locations.
NGC 5866
NGC 5866 is an S0-a lenticular galaxy. The galaxy is composed of a large,
prominent stellar bulge and a thin stellar disk bisecting the bulge with an edge-on
orientation. Although lenticular galaxies are generally poor in gas and dust (Blanton
& Moustakas 2009), the disk of this galaxy includes a prominent dust lane (Xilouris
et al. 2004), which obscures the optical light from the background stars and gives
rise to its colloquial name, the “Spindle Galaxy.”
The polarization maps and profiles of NGC 5866 are shown in Figure 5.5. The
most striking feature of this galaxy is the presence of significant polarization with
coherent PA across most of the stellar bulge, several kpc from the dusty midplane
of the galaxy. There is typically very little dust at such great distances from the
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Fig. 5.5: The same as Figure 5.1, but for NGC 5866 with several additional features.
The white contours in the top panel indicate the 6.0 and 0.6 mJy arcsec−2 surface
brightness levels of the 160 µm emission from cool dust in this galaxy, and the white
ellipse in the lower left corner of the top panel indicates the Herschel PSF FWHM
at 160 µm. There are also two separate polarization profiles shown in this figure.
The profiles in the upper and lower panels were generated using the data within the
upper and lower white rectangles shown in the center panel of the figure.
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midplane. However, both scattering and dichroism require significant dust to pro-
duce polarized light, so before analyzing the specific polarization properties observed
within this galaxy, it is necessary to understand what is polarizing the light from the
stellar bulge.
The first question to address is whether there is any dust in the bulge region of
the galaxy to polarize the light by either scattering or dichroism. Significant amounts
of extraplanar dust have been detected in other galaxies via the the FIR light emitted
by cool dust-grains with temperatures of ∼ 20 K (e.g., Hughes et al. 2014).
Examination of the 160 µm emission in NGC 5866 reveals strong evidence of
extraplanar dust. The white contours shown in the top panel of Figure 5.5 trace
the 6.0 and 0.6 mJy arcsec−2 intensity of the Herschel PACS 160 µm emission. The
6.0 mJy arcsec−2 contour indicates a concentration of cool dust within the midplane
of the galaxy while 0.6 mJy arcsec−2 contour indicates a significant extension of emis-
sion from cool dust well off the midplane region. In particular, the 0.6 mJy arcsec−2
contour on the SW side of the midplane extends to minor axis offsets of 25′′ (1.8 kpc)
while it only extends to 18′′ (1.3 kpc) on the NE side of the midplane.
Given the presence of dust throughout the bulge region, the second question
to address is if the polarization detected throughout this region is due to scattering
or dichroism. The key diagnostic feature to address this question is once again the
asymmetry of the PAs observed throughout NGC 5866. The PAs on the SW side of
the midplane are predominantly disk-perpendicular while the PAs located on the NE
side of the midplane are predominantly disk-parallel. There is also an asymmetric
shift within PAs on the NE side of the major axis, such that the locations with
major axis offsets less than +25′′ exhibit a disk-parallel PA but locations with major
axis offsets greater than +25′′ exhibit a disk-perpendicular PA. These asymmetries
are extremely difficult to describe in terms of scattered light. Thus, it is likely that
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the observed PAs are due to dichroism and accurately trace the orientation of Bpos
throughout the luminous extent of this galaxy.
The asymmetric PAs in this galaxy suggest an unusual B-field geometry. The
observed PAs indicate a toroidal B-field on the NE side of the midplane and a poloidal
B-field on the SW side of the midplane. There are two basic possibilities for creating
such an asymmetric B-field throughout the bulge region. The first possibility is that
the disk-based dynamo generated an asymmetric magnetic structure (Brandenburg
et al. 1992) which was advected into the halo, along with the extraplanar dust, by
a disk wind (Brandenburg et al. 1995). The other possibility is that a halo-based
dynamo generated this asymmetric B-field in situ (Sokoloff & Shukurov 1990; Moss
& Sokoloff 2008). The high resolution PA map presented in Section 5.4.2 suggests
that a disk-based dynamo is likely.
The measured value of P is generally quite low across this entire galaxy. The
dust lane exhibits high-SNR polarization with P ≈ 0.75%. The locations where
P is significantly detected in the bulge region appears to follow the approximate
shape of the 160 µm emission from the extraplanar, cold dust. In particular, there
is a dearth of significant polarization at the NW and SE ends of the bulge, and the
160 µm emission indicates very little extraplanar dust present in these regions. In
contrast, the value of P gradually rises along the minor axis of the galaxy, which is
the direction in which the 160 µm emission extends off the plane, such that the value
of P reaches its maximal value at the NE and SW extremes of the galaxy.
Two separate P and PA profiles were generated for NGC 5866 to probe the
distinct behavior exhibited on either side of the disk midplane. Table 5.5 lists the
characteristics of two polarization null-points which were identified in the polarization
profiles on the NE side of the midplane. Both null-points are located at negative ma-
jor axis offsets, and the value of PA switches from disk-parallel to disk-perpendicular
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Table 5.5. Polarization Null-Points on NE side of NGC 5866
Label Location Inner PAd−r Outer PAd−r
[arcsec] [deg.] [deg.]
NP2-NW −36± 5 +104± 2 −5± 7
NP1-NW −20± 3 −1± 7 +104± 2
across NP1-NW and back to disk-parallel across NP2-NW. There are no null-points
at positive major axis offsets. Instead, the value of P gradually rises from ∼ 0.2%,
at a major axis offset of +10′′, to 1.2%, at a major axis offset of 60′′. The PA
across this same region smoothly transitions from PAd−r ≈ 0◦ at the galaxy center to
PAd−r ≈ −60◦ at a major axis offset of +20′′, and it remains at this value at major
axis offsets greater than +20′′.
The profiles from the SW side of the midplane are comparatively simple. They
exhibit a relatively consistent value of P ≈ 0.5% and PAd−r ≈ −70◦ across the central
region of the galaxy. At the location of NP2-NW, the value of P rises to ∼ 1.0%
and PAd−r shifts to approximately −30◦. The value of P also rises to 1.0% between
a major axis offset of +35′′ and +55′′ beyond which P rapidly falls to 0%. Through
this same region, there is a dip in the PAd−r profile, which swings from −60◦ to −70◦
and back. The localized nature of this polarization structure also suggests that it is
related to a structure in the dust and/or B-field, perhaps caused by a single bubble
of expanding gas and dust simultaneously perturbing the B-field to the SW of the
midplane toward a more vertically poloidal orientation.
5.4.2 High Resolution PA maps
Does the B-field vary significantly across arcsecond (∼ 100 pc) scales? The
16 pixel rebinning used to produce the PA maps shown above potentially averages
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over such small-scale variation in the PA orientation. Thus, answering this question
requires a set of PA maps with finer angular resolution.
The galaxies NGC 891, NGC 4565, and NGC 5866 included sub-regions which
showed sufficiently high SNR such that the AMR procedure required no rebinning
to yield polarization with P/σP > 3.0. High resolution PA maps of these sub-
regions were produced using the AMR procedure. The high resolution PA maps for
the galaxies NGC 4565 and NGC 5866 used a minimum binning of 2 pixels (1.16′′)
because this approximately provides a Nyquist sampling rate given the∼ 2.0′′ FWHM
of the PSF for these images. The high resolution PA map for NGC 891 was produced
using a minimum binning of 3 pixels (1.74′′) because this slightly lower resolution
PA map was more easily interpreted given the high density of PA measurements in
this galaxy.
All of these PA maps were plotted over an optical background to highlight the
distribution of dusty material producing the polarization. The SDSS g′-band image
was used as the optical background image for NGC 4565 and NGC 5866, and a Harris
V -band image from KPNO, retrieved from NED, was used as the background image
for NGC 891.
NGC 891
For the analysis of this galaxy, slight departures from the median Bpos were
measured. Given the highly organized appearance of Bpos noted in Figure 5.1 above,
the distribution of PA values located within 60′′ of the galaxy center was characterized
to be very nearly Gaussian with a median value of 〈PA〉 = 75◦ and a standard
deviation of σPA = 10
◦. These characterizations were used to categorize each PA
measurement into in one of three ranges:
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Fig. 5.6: High resolution PA map of NGC 891. The background image shows a linear
scaling of a Harris V -band image from KPNO, which more clearly shows the strong
extinction produced by the dust lane of this galaxy. The black, red, and white line-
segments indicate the orientation and location of the H-band PAs in the low-PA,
mid-PA, and high-PA categories, respectively. The axes indicate the angular and
projected physical offsets from the bright H-band peak at the center of the galaxy.
A compass at the upper right hand corner of the image indicates the directions of
north and east in the equatorial coordinate system.
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PA-range =

low-PA if PA− 〈PA〉 < −1σPA,
mid-PA if
∣∣PA− 〈PA〉∣∣ < +1σPA,
high-PA if PA− 〈PA〉 > +1σPA.
(5.9)
The high resolution PA map of NGC 891 is shown in Figure 5.6. The PAs in
the high-PA range are plotted in white, the PAs in the mid-PA range are plotted
in red, and the PAs in the high-PA range are plotted in black. In general, the PAs
in NGC 891 are highly coherent even on the smaller physical scales probed by this
high resolution map. There are, however, a few examples of slight departure from the
median PA, as shown by the white and black color line-segments. The PA departures
at negative minor axis offsets are generally in the high-PA range, the PA departures
at positive minor axis offsets are generally in the low-PA range, and the PAs near
the midplane generally fall into the mid-PA range.
In addition to this gradual transition from low-PA to high-PA across the mid-
plane, Figure 5.6 shows that PAs in the low-PA range tend to be clustered together
and the PAs in the high-PA range tend to be cluster together. This illustrates that
although the B-field in NGC 891 is highly coherent across many kpc, there are also
individual, localized “magnetic-structures” which are internally coherent but which
depart slightly from the median Bpos orientation.
NGC 4565
The high resolution PA map of NGC 4565 is shown in Figure 5.7. The bright
central region of NGC 4565 exhibits highly coherent, disk-parallel PAs throughout
the dust lane, with very little variation even on these arcsecond angular (80 pc
physical) scales. It is possible that the B-field is still highly turbulent, but the
average properties of the Bpos (e.g., the direction of the anisotropy in a randomly
tangled B-field) do not substantially vary at these ∼ 100 pc scales. The fact that the
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Fig. 5.7: High resolution PA map of NGC 4565. The background image shows a
linear scaling of the SDSS g′-band photometry, which more clearly shows the strong
extinction produced by the dust lane of this galaxy. The red line-segments indicate
the orientation of the H-band PA observed at the associated location. The axes
indicate the angular and projected physical offsets from the bright H-band peak at
the center of the galaxy. A compass at the upper right hand corner of the image
indicates the directions of north and east in the equatorial coordinate system. Note
the concentration of disk-parallel PAs along the dust lane of the galaxy and the
abrupt transition in PAd−r from 0◦ to 45◦ which occurs at the SW edge of the dust
lane.
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inferred Bpos also remains parallel to the plane of the disk across several kpc implies
that the B-field is coherent across more than an order of magnitude in physical scale.
From this figure, it can be seen that the transition in PA orientation across
the dust lane is relatively sharp. The transition in PAd−r from 0◦ to 45◦ occurs
abruptly (over approximately 1′′) at the SW edge of the zone of high extinction
associated with the dust lane. The PAd−r = 45◦ observed in the central, bright
region persists through the rest of the bulge. Such an asymmetry about the disk-
midplane suggests the possible presence of a planar asymmetry in the dynamo of this
galaxy (Brandenburg et al. 1992). This PAd−r = 45◦ could also be due to a tenuous
foreground of dusty material which dominates the polarization at positive minor axis
offsets but is overwhelmed by a stronger polarization signal produced by the denser
material in the dust lane. In this case the, sharp transition in PAd−r is not due to an
asymmetry in the B-field but is instead due to the the rapid drop off in polarization
signal associated with the dust lane at positive minor axis offsets.
NGC 5866
The high resolution PA map of NGC 5866 is shown in Figure 5.8. The same
asymmetry about the disk-midplane seen in Figure 5.5 can be seen in this figure,
too. The higher resolution reveals that this transition from disk-parallel PAs on the
northeast side of the disk to disk-perpendicular PAs on the southwest side of the
disk occurs over just a few arcseconds at precisely the location of the dust lane. The
abruptness of this transition again suggests that there may be an asymmetry in the
B-field about the disk-midplane.
The case for an asymmetry about the midplane is even stronger for this galaxy
than it is for NGC 4565 because the viewing angle is even closer to edge-on, so neither
side of the midplane provides a more direct line-of-sight into the galaxy core. If it is
true that there is a B-field asymmetry about the midplane of this galaxy, then this
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Fig. 5.8: High resolution PA map of NGC 5866. The background image shows a
linear scaling of the SDSS g′-band photometry. This optical image more clearly shows
the strong extinction produced by the dust lane of this galaxy. The red line-segments
indicate the orientation of the H-band PA observed at the associated location. The
axes indicate the angular and projected physical offsets from the bright H-band peak
at the center of the galaxy. A compass at the upper right hand corner of the image
indicates the directions of north and east in the equatorial coordinate system.
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represents an arrangement not typically predicted by dynamo models, which produce
odd or even symmetries about the midplane but generally do not produce B-fields
with asymmetric structure about the midplane (Brandenburg et al. 1992; Beck et al.
1996).
The PAs shown in Figure 5.8 also indicate that the average B-field properties
do not appear to substantially vary over these arcsecond angular (70 pc physical)
scales. The disk-perpendicular PAs on the SW side of the midplane and the disk-
parallel PAs on the NE side of the midplane of this galaxy are highly coherent across
the entire central zone. There is, however, some evidence of a small perturbation
from the predominately disk-parallel orientation located at major axis offset of −4′′
and a minor axis offset of −4′′. This may represent an an individual B-field feature
such as a flux-rope or a flux-tube being lofted off the disk by the Parker instability
(Parker 1966; Rodrigues et al. 2016). Given that this is the single departure from the
overarching patterns within each zone, it can be concluded that the B-field properties
across this central zone are highly coherent over a large range of physical scales.
The disk-perpendicular PAs noted in the SE third of the bulge region, shown
in Figure 5.5, appear to be rooted in a poloidal B-field threading the disk. There
is a concentration of high-SNR disk-perpendicular PAs located at the disk-midplane
with a major axis offset of 30′′. This is the approximate location of the turnover
from disk-parallel to disk-perpendicular PAs within the NE half of the bulge region.
The fact that this poloidal component extends out into the halo suggests that the
poloidal B-field is generated by a dynamo in the disk and may be advected into the
halo region by a galactic wind (Brandenburg et al. 1995) rather than being generated
in situ by a separate dynamo in the halo (Sokoloff & Shukurov 1990; Moss & Sokoloff
2008).
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5.4.3 The Relationship between the B-fields in the Hot and Cold ISM
Does the same B-field thread both the hot and cold components of the ISM in
these galaxies? The synchrotron polarimetry of these galaxies reveals the B-field in
the hot component of the ISM while the NIR polarimetry reveals the B-field in the
cold component. Thus, this question can be addressed by comparing the direction
of Bpos inferred from each of these measurements.
Sychrotron emission is polarized with a PA perpendicular to the orientation of
Bpos. Thus, a value of 90
◦ was added to the CHANG-ES 6 cm uv-tapered radio PA
values (Wiegert et al. 2015) to produce a map of the inferred orientation of Bpos in
the hot ISM. These rotated PA values were given the label “BPA” to distinguish
them from the unrotated PA values.
This analysis is complicated by the fact that NIR and radio wavelengths probe
the B-field up to different finite path-lengths through the disk of these edge-on galax-
ies. NIR polarimetry of an external galaxy can only probe to B-fields up to an optical
depth of ∼ 1.0. At substantially greater optical depths, the NIR light is too heavily
attenuated to contribute significantly to the total Stokes Q or U value in a given
pixel. Similarly, polarized synchrotron emission from the far side of the disk is depo-
larized by Faraday effects as it is transmitted through the disk so that the observed
polarization signal is weighted toward the near side of the disk (Burn 1966; Brentjens
& de Bruyn 2005). The degree to which this is the case depends on wavelength and
the physical conditions in the disk (e.g., the density of electrons). Thus, the physical
depths probed by NIR and radio wavelength polarimetry are not necessarily identi-
cal. A more thorough comparison of these observations requires properly modeling
the effects of optical depth and Faraday effects. However, a first order treatment
directly comparing the measured NIR PA and radio BPA provides an approximate
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estimate of where the B-fields in these two components of the ISM may be parallel
and where they may differ from each other.
The galaxies NGC 891, NGC 4565, and NGC 5775 were observed for polarization
at radio wavelengths as part of the CHANG-ES project. Previous observations of
all three of these galaxies have been interpreted as providing evidence of toroidal
B-fields in their disks (Sukumar & Allen 1991; Soida et al. 2011; Beck et al. 1996).
The galaxies NGC 891 and NGC 5775 provide classic examples of radio-synchrotron
emitting halos with an X-shaped B-field (Krause 2009; Soida et al. 2011) while
NGC 4565 does not show any evidence of an extended halo of radio-synchrotron
emission.
The BPA maps for each of the three galaxies with both NIR and synchrotron
observations were sampled with an angular spacing of one sample per radio beam,
where the beam size is given by the FWHM of the radio-synchrotron PSF. The
FWHM was computed as the geometric mean of the PSF major axis and minor axis
lengths for the observations of each galaxy listed in Table 4 of Wiegert et al. (2015).
This value is ∼ 16′′ for all the UV-tapered data used in this study.
In addition to the individual samples drawn from the CHANG-ES data, a com-
plete map of the difference between the NIR PA and the rotated BPA values was
computed. This map was used to assess the difference between the orientation of
Bpos in the hot and cold components of the ISM. The NIR observations have a much
smaller PSF than the radio observations, so the NIR Stokes Q and U images were
smoothed with a Gaussian kernel to match the PSF of the radio observations. An
NIR PA map was recomputed using these smoothed Stokes images, and the differ-
ence between the smoothed NIR PA map and the radio BPA map was computed for
each galaxy using the formula
311
∆PA =
1
2
arctan
(
sin
(
2(PANIR − BPAradio)
)
cos
(
2(PANIR − BPAradio)
)) , (5.10)
where an arctan function which preserves quadrant information was used. This ∆PA
map indicates the orientation of the cold ISM Bpos relative to the hot ISM Bpos.
Positive ∆PA values indicate that the NIR PA at that location is rotated more in
the east-of-north direction (counterclockwise) than the radio wavelength BPA and
negative values indicate the reverse (clockwise).
The following sections present a basic comparison of the NIR and synchrotron
polarimetry. This initial comparison is followed by a cumulative assessment of
whether these two independent probes reveal a common B-field threading both the
hot and cold components of the ISM.
NGC 891
One comparison between the NIR and radio observations of NGC 891 was given
in Chapter 2. The observations of NGC 891 in Krause (2009), which were used in
the Chapter 2 analysis, had a beam FWHM of 84′′. This beam was large enough that
even the pointings centered on the disk-midplane included significant contribution
from the synchrotron emission in the halo. The higher resolution of the CHANG-ES
observations allow a significantly better assessment of the relationship between the
hot ISM B-field within the disk without being potentially dominated by synchrotron
emission from the halo region.
The comparison of NIR and radio-synchrotron traced B-field orientations is
shown in Figure 5.9. In general, Bpos in the hot and cold components of the ISM
appear to be aligned to within 30◦ of each other across a large portion of the disk. The
top panel shows the same NIR PA map shown in Figure 5.1 with the sampled radio
BPA orientations overplotted. These two Bpos tracers appear to be especially well
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Fig. 5.9: Comparison of Bpos orientations inferred from NIR and radio observations
of NGC 891. (top) The NIR PA map (red) and radio BPA map (white) overlaid
on top of the H-band Stokes I image. (bottom) Map of the difference between the
smoothed NIR PA and radio BPA. Vertical black lines in this panel indicate the
location of the polarization null-points listed in Table 5.3, and a compass in the top
right of the panel indicates the directions of north and east in the equatorial frame.
Labels in the bottom panel indicate the direction of galaxy rotation as observed by
Swaters et al. (1997). The ellipse in the bottom left corner of both panels indicates
the FWHM of the radio PSF.
aligned in the northeast disk, with slightly poorer alignment in the southwest disk.
In particular, there is significant disagreement in the eastern and western quadrants
of the galaxy where ∆PA < −45◦.
The bottom panel of Figure 5.9 shows the ∆PA map computed using Equa-
tion 5.10. The central region of this galaxy shows a quadrapole appearance. This is
caused by the fact that the NIR PA remains relatively constant across the majority
of the disk with a nearly disk-parallel orientation (see Figure 5.1) while the vertically
poloidal component of the hot ISM B-field increases toward the outer regions of the
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disk. This suggests that the B-field in the hot and cold ISM components may be
similar near the galaxy center but differ in the outer regions of the galaxy.
NGC 4565
The comparison of NIR and radio-synchrotron polarimetry of NGC 4565 is
shown in Figure 5.10. The inferred Bpos orientation in the central region is approxi-
mately disk-parallel for both of these B-field probes, especially along the dust lane.
The hot ISM B-field is also disk-parallel at positive minor axis offsets in the central
region where the cold ISM B-field appears to become more poloidal. In the far NW
region of the disk, where the cold ISM B-field shifts to a 45◦ orientation relative
to the plane of the disk, the hot ISM B-field also appears to rotate to a similar
orientation. However, in the SE region of the disk, where the NIR PAs abruptly
shifts toward a disk-perpendicular orientation, the hot ISM B-field persists in its
disk-parallel orientation.
The bottom panel of Figure 5.10 shows the ∆PA map. The black lines in this
panel again indicate the location of the polarization null-points listed in Table 5.4,
above. The ∆PA map further emphasizes the mostly similar orientations of these
two B-field probes within the central and NW disk regions while the sharp transition
to ∆PA . −60◦ occurs at the precise location of the polarization null-point in the
SE disk, where the NIR PAs rotate to a disk-perpendicular orientation.
The general agreement between the NIR and radio polarization through much
of the disk of NGC 4565 suggests that the B-fields threading the hot and cold com-
ponents of the ISM are generally aligned. This is true even in the NW disk where
the B-field rotates away from a disk-parallel orientation. Thus, if the B-field in that
part of the disk is being perturbed from the expected toroidal orientation, then the
hot and cold ISM B-fields are being affected in the same way.
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Fig. 5.10: Same as Figure 5.9 but for NGC 4565 and using the null-point locations
listed in Table 5.4. Labels in the bottom panel indicate the direction of rotation as
reported by Sofue (1996).
In contrast to the central region and NW disk, the disagreement between the
NIR and radio polarization in the SE disk implies that the B-field threading the hot
and cold components of the ISM are misaligned in that part of the galaxy. Thus, it is
possible that there is some mechanism which can perturb B-field in one component
of the ISM but not the other. The cause of the disagreement between the NIR and
radio polarization is further explored in Section 5.5.4.
NGC 5775
The comparison of NIR and radio-synchrotron polarimetry of NGC 5775 is
shown in Figure 5.11. The hot ISM B-field appears to remain approximately disk-
parallel within the disk of this galaxy with a turn toward disk-perpendicular orien-
tation in the NW which increases toward the far end of the disk. The halo region
exhibits an X-shaped B-field with a strong poloidal component (Soida et al. 2011).
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Fig. 5.11: Same as Figure 5.9 but for NGC 5775. The angular diameter of NGC 5775
is small enough that the radio data can be Nyquist sampled (two samples per PSF
FWHM) without causing confusion due to the density of PA and BPA line segments
in the figure. Labels in the bottom panel indicate the direction of rotation as observed
by Heald et al. (2006).
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The uniformly disk-parallel hot ISM B-field within the galaxy disk is at odds with
the NIR probed cold ISM B-field, which is roughly disk-parallel in the NW disk but
disk-perpendicular in the SE disk.
As mentioned above, there is an infall of tidally-stripped material from
NGC 5774, located to the NW of NGC 575 (Irwin 1994). It is possible that this
tidal interaction and infalling material is what triggered the relatively high SFR in
this galaxy, which in turn may drive a disk wind and populate the halo region with
plasma and poloidal B-field. The infalling material may also be related to the slight
rotation away from disk-parallel hot ISM B-field at the far end of the NW disk.
The ∆PA map shown in the bottom panel of Figure 5.10 further emphasizes
the significant difference between the cold and hot ISM B-fields in this galaxy. Even
in the NW region, where both NIR and radio-synchrotron polarimetry indicate a
roughly disk-parallel B-field, the NIR PAs and synchrotron BPAs are rotated +15◦
and −20◦, respectively, relative to the galaxy disk. This produces a |∆PA| & 35◦
across much of this region. The SE disk has even higher |∆PA| values than the NW
disk. This is due to the disk-perpendicular NIR PAs, which are nearly orthogonal to
the relatively disk-parallel synchrotron BPAs.
There are two small zones near the galaxy center with low ∆PA values. The
first zone is located just northeast of the central NIR brightness peak where both
the NIR PAs and radio-synchrotron BPAs are disk-parallel and well aligned with
each other. The other zone is due SW of the bright central peak, where both the
NIR and radio-synchrotron polarimetry indicate a disk-perpendicular B-field. This
is the same pattern noted in the initial analysis of the NIR PA map. Thus, the
hot ISM B-field revealed by the CHANG-ES observations presented above further
suggest the possible presence of a strong polar wind originating from the nuclear
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region and transforming the B-field in that region into a poloidal orientation (Jones
2000; Donner & Brandenburg 1990; Brandenburg 2015).
5.5 Discussion
5.5.1 Scattering vs. Dichroism at optical and NIR wavelengths
The optical polarization of many edge-on galaxies appears to be dominated
by scattering. Fendt et al. (1996) performed optical polarimetry of the galaxies
NGC 891, NGC 5907, and NGC 7331 and found disk-perpendicular PAs across the
full disk of all of these galaxies. This disk-perpendicular orientation across the entire
galaxy is what is expected for scattering-dominated, edge-on galaxies (Bianchi et al.
1996; Wood 1997; Peest et al. 2017). Thus, the optical polarization of these galaxies
does not trace Bpos.
There are some exceptions to the above rule, where the optical polarization of
an edge-on galaxy shows some signatures of dichroism-dominated polarization. In
particular, optical observations of NGC 4594 and NGC 4565 presented by Scarrott
et al. (1990) show disk-parallel PAs throughout the dust lane in the central region.
This PA orientation cannot be due to scattering, so at least in the central regions
of these two galaxies, the optical polarization appears to be dominated by dichroism
and does trace Bpos.
There are several sub-regions of disk-perpendicular NIR PAs found in the galax-
ies presented in Section 5.4.1. These disk-perpendicular PAs may indicate that the
polarization in these regions is dominated by scattered light, even at NIR wave-
lengths, where scattering is expected to be less of a contaminant (cf. Chapter 4).
However, the location and asymmetric distribution of these sub-regions with disk-
perpendicular PAs cannot be easily accounted for via scattering processes. Thus,
318
these sub-regions are either dominated by polarization via dichroism, or the scat-
tered light from these galaxies is somehow very asymmetrically distributed.
5.5.2 Polarization Null-Points
What causes the polarization null-points and associated sweeping PA features
in these galaxies? One mechanism which might generate the polarization null-points
is the scattering-based mechanism proposed by Wood (1997) The other mechanisms
considered assume that the NIR polarization is always dichroism-dominated and the
null-points are related to structural changes in the disk B-fields of these galaxies.
One challenge for these structure based mechanisms is that the net NIR polarization
signal is built up over many kpc of physical path length, so the polarization signal
is not generally expected to be caused by localized B-field structure of physical
size < 1 kpc. However, if the dusty ISM in these galaxies is highly clumped, then
the majority of optical depth and associated polarization signal may be provided
by much smaller physical path lengths (Witt & Gordon 1996; Schechtman-Rook
et al. 2012; Scicluna & Siebenmorgen 2015). Thus, a sufficiently-clumped dusty ISM
may cause the observed dichroic polarization to be closely related to smaller scale,
localized structure in the B-field. Two specific examples of B-field structure which
may produce a polarization null-point are described below.
The first structure-based mechanism which may be responsible for the polar-
ization null-points is a spiral B-field. This mechanism is illustrated in Figure 5.12
and is similar to the mechanism described by Fosalba et al. (2002) to account for
the localized regions of low polarization they noted in their analysis of the optical
polarizations of stars within the Milky Way. The presence of spiral structure in the
hot ISM B-field has been observed in several face-on galaxies (Beck & Hoernes 1996;
Heald et al. 2009; Fletcher et al. 2011). If the cold ISM B-field in these galaxies
is similarly organized into spiral structures, then the value of Bpos (and associated
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Fig. 5.12: An illustration of spiral arm tangent points in a face-on view of a two-
armed, spiral, edge-on galaxy. The grayscale background represents the density of
dust in the material spiral arms. The red vectors indicate the direction of the spiral
B-field in the plane of the disk. These vectors are not drawn over the spiral arms
so that the arms can be more easily seen. The blue arrows indicate the four specific
lines-of-sight at which the polarization null-points are expected to be located, and
the red dots on those lines indicate the location at which the B-field inside a spiral
arm is parallel to the line-of-sight.
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NIR polarization signal) drops to zero at the locations where the B-field direction is
parallel to the line-of-sight.
Another structure-based mechanism for producing polarization null-points is
the presence of a localized B-field reversal. In this case, the B-field at the location
of the reversal necessarily falls to zero, which produces poor grain alignment and
weak polarization signals. Analysis of the Faraday rotation of pulsars in the disk
of the Milky Way has revealed at least one example of a B-field reversal, located
at a distance of 1 − 2 kpc toward the Galactic center (Han et al. 1999, 2018). It
is reasonable to infer that such B-field structures are present in other galaxies, too,
although they have remained below the angular resolution of all observations to date
(see Beck 2015).
Which of these mechanisms can be ruled out for each of the null-points observed
in the above galaxies? The scattering-based mechanism cannot account for any of
the polarization null-points in NGC 891. There are six polarization null-points in
the disk of NGC 891: two in the NE disk and two in the SW disk. The PAs are
disk-parallel on both sides of all of the null-points. The lack of a transition from
disk-parallel to disk-perpendicular PA across the null-points indicates that scattered
light is not responsible for these particular polarization null-points. Furthermore, the
presence of multiple null-points within a single side of the major axis is not predicted
by any scattering-based models of edge-on galaxies.
The fact that the PAd−r profile sweeps through a range of 180◦ at two of the
null-points (NP2-NE and NP3-SW) potentially suggests that these null-points may
be associated with B-field reversals, but more modeling work would need to be done
to better understand if such a sweeping PA feature can be produced by B-field
reversals in a disk galaxy.
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The scattering-based mechanism can potentially account for one of the five
null-points in NGC 4565. The transition from disk-parallel to disk-perpendicular
PAs across the null-point NP1-SE in the SE disk of NGC 4565 well matches the
expectations from the scattering-based mechanism. However, the B-field structure-
based mechanisms cannot be ruled out. A poloidal B-field dominating the cold ISM
in the SE disk of NGC 4565 could produce the observed PA pattern, and such a
sharp B-field transition may also produce a dip in P where the B-field transitions
from a toroidal to a more poloidal orientation.
The scattering-based mechanism can be ruled out as a possible cause of the two
polarization null-points in the NW disk of NGC 4565. The PA orientation transitions
across both null-points with PAd−r = 0◦ in the inner region and the extreme outer
region and PAd−r = 45◦ between the null-points. The presence of multiple null-
points is not predicted by any scattering-based models of edge-on galaxies, nor is
the PAd−r ≈ 45◦ observed between the two null-points. This implies that the null-
points observed in the NW disk are more likely due to B-field structure in the disk
of NGC 4565.
5.5.3 Spiral Structure and NIR polarization
Assuming the polarization null-points are caused by spiral structure in the B-
field threading the cold ISM, what can be tentatively inferred regarding the spiral
structure in the disks of these galaxies? In the following Sections, the locations of
the polarization null-points of NGC 891 and NGC 4565 were used to fully specify
two-arm spiral structures in the disks of these galaxies.
Spiral Pitch Angle
It may be possible to infer the spiral pitch angle (φ) from the location of the
polarization null-points in these galaxies. The null-points may be assumed to be due
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to two logarithmic spiral arms (magnetic or material), and the null-points indicate
the location where the spiral features are tangent to the line-of sight (see Figure 5.12,
above). In that case, the projected angular distance of the null-points from from the
center of the galaxy can be used to derive the pitch angle of the associated spiral
arms using the relation
φiarm = cot
−1
(
Narm
2pi
ln
(
x2
x1
))
− 90◦, (5.11)
where Narm is the number of spiral arms in the disk and x1 and x2 are the major
axis angular offsets of the null-points associated with a given arm. Using this pitch
angle, the paths of these arms can be fully expressed using the equation
r (iarm, φiarm , θ) =
x1
cos (φiarm)
exp
(
cot (φiarm)
(
θ +
iarm
2pi
− φiarm
))
, (5.12)
where θ is the azimuthal angle in the plane of the disk and iarm is a integer in the
range [0, Narm − 1], inclusive, and uniquely identifies each arm in the disk.
Specific Spiral Geometries
The location of the polarization null-points in NGC 891 and NGC 4565 can be
substituted into Equation 5.11 to infer the pitch angle of the hypothetical spiral struc-
ture responsible for the null-points. In particular, a single spiral feature will generate
multiple tangent-points with each successive tangent point appearing on the opposite
side of the disk as the previous tangent point. Assuming two arms and a trailing spi-
ral structure, these pitch angles can be combined with the spectroscopically-derived
rotation curves for these galaxies to further constrain the spiral geometry.
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NGC 891
This analysis was applied to NGC 891, and the inferred spiral geometry is shown
in Figure 5.13. The null-points NP2-NE and NP3-SW were used to infer a spiral pitch
angle of −9.6 ± 0.5◦ for one arm, and the null-points NP2-SW and NP3-NE were
used to infer a spiral pitch angle of −8.2 ± 1.6◦ for the other arm. These are the
first known estimates of spiral pitch angles (magnetic or material) in NGC 891. The
estimated pitch angles are relatively typical of values for a galaxy with an Sb Hubble
type (±1σ range of 6◦ < φ < 15◦, Ma 2002), such as NGC 891 (Makarov et al. 2014).
These pitch angles are only a few degrees steeper than the −6.6± 2◦ magnetic pitch
angle found by Pavel et al. (2012) for the Milky Way, which has been estimated to
have a Hubble type of SBc (Hodge 1983; Benjamin et al. 2005).
The pitch angle and tangent-point locations provided by the polarization null-
points leave an ambiguity regarding whether the radial distance of the spiral arm
from the galaxy center increases in the clockwise or counterclockwise direction. This
ambiguity can be resolved by spectroscopically measuring the direction of rotation
for the edge-on disk and assuming a trailing spiral geometry. For NGC 891, Swaters
et al. (1997) found that the NE side of the disk is approaching while the SW side is
receding.
The B-field geometry was assumed to follow a spiral pattern similar to that
inferred by the pitch angles listed above, as is typically observed in face-on galaxies
(Beck et al. 1996). The 180◦ ambiguity in the B-field direction can be eliminated
using the Faraday RM measurements for NGC 891 from Krause (2009). These mea-
surements indicate that the B-field is directed toward Earth on the SW side of the
disk and away from Earth on the NE side. By combining all this information, a fairly
complete picture of the B-field in the disk of NGC 891 emerges.
324
300 200 100 0 100 200 300
major axis offset [arcsec]
0.0
0.5
1.0
1.5
2.0
P
 [%
]
90
60
30
0
30
60
90
P
A
d
−
r [
°]
Disk 
Disk 
Disk 
15
10
5
0
5
10
15
lin
e 
of
 si
gh
t [
kp
c]
NP
3-
NE
NP
2-
NE
NP
1-
NE
NP
1-
SW
NP
2-
SW
NP
3-
SW
To Earth
15 10 5 0 5 10 15
major axis offset [kpc]
Fig. 5.13: An illustration of the inferred spiral geometry of NGC 891. (top) A
face-on view of the spiral geometry and inferred B-field direction. The grayscale
background represents the spiral structure which may be causing the polarization
null-points. The grid of red vectors indicate the direction of the spiral B-field, and
the red dots indicate the location where the spiral arms are tangent to the line-of-
sight. The dotted, vertical lines indicate the location of the polarization null-points
along the major axis of the galaxy. (bottom) The same polarization profiles shown
in the bottom panel of Figure 5.1. Note that the polarization null-points can be
associated with a spiral geometry with reasonable properties for a galaxy of type Sb.
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The location of the innermost polarization null-points marked in Figure 5.13,
NP1-NE and NP1-SW, near the projected major axis offset of the predicted spiral
arm tangent-points serve as corroborating evidence that the null-points are related
to spiral structure. The expectation is that polarization null-points should be present
at all spiral tangent points. However, NP1-NE and NP1-SW were not included in
the determination of the spiral structure. Thus, the fact that these null-points lie
so close to the expected location suggests that the null-points are indeed related to
spiral structure within the disk of NGC 891.
The two polarization null-points which exhibit sweeping PA features in
NGC 891, NP2-NE and NP3-SW, are both associated with the same spiral arm.
Thus, if these sweeping PA features are associated with a B-field reversal, then such
a reversal may occur across this particular spiral arm in NGC 891.
NGC 4565
The above analysis was repeated for the galaxy NGC 4565, and the resulting
spiral geometry is illustrated in Figure 5.14. The null-points NP1-SE and NP2-NW
were used to infer a spiral pitch angle of −17.5±1.1◦ for one arm, and the null-points
NP1-NW and NP3-SE were used to infer a spiral pitch angle of −17.4± 2.0◦ for the
other arm. These are significantly steeper than the pitch angles found for NGC 891,
but they are not out of the range of possible values for an Hubble type Sb galaxy
(±1σ range of 6◦ < φ < 15◦, Ma 2002), such as NGC 4565 (Makarov et al. 2014).
The spectroscopic observations of Sofue (1996) indicate that the SE side of
NGC 4565 is approaching while the NW side is receding. Assuming a trailing spiral
geometry, this information again eliminates the ambiguity in the direction of increas-
ing radius for the spiral arms. There are no published Faraday RM measurements
of NGC 4565, so it is not know if the B-field points toward or away from the galaxy
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Fig. 5.14: The same as Figure 5.13 but for NGC 4565. The lack of Faraday RM
observations for this galaxy limits the ability to resolve a 180◦ ambiguity in the B-field
direction. Thus, the B-field in the top panel is represented with bi-directional red
vectors. The inferred spiral structure in this galaxy is significantly less tightly wound
than in NGC 891, but the pitch angle is still within the range of values previously
found for Sb type galaxies.
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center. Nevertheless, the above information again provides a fairly complete picture
of the possible spiral geometry in the B-field of NGC 4565.
The location of the null-point NP2-SE in NGC 4565 does not fit any of the
expected spiral arm tangent-points in this galaxy. However, given that value of
PAd−r rotates through a full 180◦ across NP2-SE, it is possible that this null-point
represents a B-field reversal rather than a spiral arm tangent-point and thus exhibits
a distinct polarimetric signature. If this null-point is due to a B-field reversal, then
it is different from the possible B-field reversals in NGC 891 because it is located
between arms.
5.5.4 Does the same B-field permeate the hot and cold ISM?
Predominance of Low ∆PA
The ∆PA maps presented in Section 5.4.3 indicate that a common B-field
threads both the hot and cold ISM through much, but perhaps not all, of the disks
of these galaxies. The integrated solid angle of the regions exhibiting |∆PA| < 30◦
were computed and are shown in Table 5.6. In total, 53.7% of the solid angle cov-
ered by the ∆PA maps above exhibit |∆PA| < 30◦. A threshold of 30◦ was used for
this analysis because |∆PA| < 30◦ indicates that the NIR PA and synchrotron BPA
values are significantly closer to being parallel than they are to being perpendicular.
These regions of low |∆PA| suggest that the B-fields threading the hot and cold ISM
in these regions of the galaxies have similar orientations. In particular, the fact that
both the NIR PAs and the synchrotron BPAs exhibit a rotation from PAd−r = 0◦ to a
PAd−r = 45◦ in the NW disk of NGC 4565 suggests that that there is a genuine shift
in B-field properties in that part of the disk, and both NIR and radio polarimetry
accurately trace that shift in B-field orientation.
The general alignment of the B-field in the cold ISM with the B-field in the hot
ISM carries several possible implications. The first implication is that the processes
328
Table 5.6. Solid Angle of Regions with Low |∆PA|
Solid angle with Total solid angle in
Galaxy |∆PA| < 30◦ ∆PA map Percentage
[NGC] [arcmin2] [arcmin2]
891 5.30 9.00 58.9%
4565 3.45 6.20 55.7%
5775 0.378 1.80 21.0%
by which the cold, dense, clouds are formed does not systematically perturb the
B-field in such a way that the hot and cold ISM substantially differ. The second
possible implication is that the physical mechanisms which shift the hot ISM B-field
away from the expected toroidal orientation similarly shift the cold ISM B-field.
In contrast, the regions where the NIR and radio polarizations disagree potentially
imply that there is a possible mechanism by which the B-field threading the hot ISM
can become misaligned from the B-field threading the cold ISM.
The High ∆PAs
There are several possible causes for the regions exhibiting high ∆PA values
throughout these galaxies. The first possibility is that NIR and radio-synchrotron
polarimetry probe different physical depths into the disk of the galaxy. Polarized NIR
light from the back side of an edge-on disk is attenuated by intervening dust as it is
transmitted through the galaxy toward Earth. This reduces the net contribution of
dichroic polarization from the back side of an edge-on disk. Thus, NIR polarization
preferentially reveals the B-field in the cold ISM on the front side of the disk. This
effect is mitigated if the edge-on disk remains optically thin at NIR wavelengths (i.e.,
τNIR . 3). Analyzing the optical depth through these edge-on galaxies is beyond the
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scope of this study, but addressing this open question would yield insight into which
part of these disks is probed by NIR polarimetry.
Similarly, radio-synchrotron polarimetry is able to probe the B-field in the hot
ISM up to a finite Faraday depth Φ. This is principally due to the effects of Faraday
depolarization (Burn 1966; Brentjens & de Bruyn 2005). The analysis of Sokoloff
et al. (1998) showed that even a uniform slab of magnetized plasma experiences
Faraday depolarization through differential Faraday rotation of light from varying
Faraday depths. In particular, they showed that synchrotron polarimetry is only
sensitive up to a Faraday depth of
Φlimit ≈ pi
2λ2
rad m−2. (5.13)
Faraday depolarization “scrambles” the polarization of the synchrotron emission from
Faraday depths greater than this. At the 6 cm wavelength used within this study,
this corresponds to a Faraday depth of ∼ 400 rad m−2.
If the path lengths corresponding to each of these limiting conditions (i.e.,
τNIR . 3 and Φ . 400 rad m−2) are significantly different, then the NIR and ra-
dio polarimetry will probe the B-field in different physical regions of the disk. If the
B-field within the probed regions is also different, then the NIR PAs and radio BPAs
will be different, too. In this case, a common B-field may still thread the cold and
hot components of the ISM in regions with high ∆PA values despite the difference
between the NIR PAs and radio BPAs.
Testing this particular scenario requires a detailed knowledge of the distributions
of dust (which is responsible for NIR optical depth) and electrons (which is partly
responsible for Faraday depth). It may be possible to estimate the degree to which
these depth-effects significantly contribute to high |∆PA| through radiative transfer
modeling of the NIR light (e.g., Gordon et al. 2001; Schechtman-Rook et al. 2012)
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and multi-wavelength, Faraday tomography (Burn 1966; Brentjens & de Bruyn 2005)
of radio-synchrotron polarization. Performing such an analysis is beyond the scope
of this study. For now, depth-effects remain a source of uncertainty when analyzing
the cause of high |∆PA| in these galaxies.
The second possible cause of the high ∆PA values may be that the NIR polariza-
tion is dominated by scattered light in cases where the NIR PA is disk-perpendicular.
As described in Section 5.1.2, scattering-dominated polarization in an edge-on galaxy
is expected to produce disk-perpendicular PAs. If the polarization in the regions with
disk-perpendicular PAs is dominated by scattered light, then NIR PAs are not actu-
ally related to the orientation of Bpos in the cold ISM. Thus, if the NIR polarization
in the region is dominated by scattered light, then the difference in NIR PA and radio
BPA should not be interpreted as evidence for a difference in the B-fields threading
the hot and cold ISM.
The third possibility is that the high ∆PA values are caused by a genuine
difference between the B-fields threading the cold and hot components of the ISM. If
the NIR polarization is not dominated by scattered light, as suggested by the analysis
in Section 5.4.1, then the NIR PAs accurately represent the orientation of Bpos in the
cold ISM. If it is also the case that the physical depths probed by NIR and radio-
synchrotron polarimetry are similar, then high values of ∆PA may indicate a genuine
difference in the properties of the B-field threading the cold and hot components of
the ISM in that region of the disk.
NGC 891
Does scattering-contaminated NIR polarization or a difference in the hot and
cold ISM B-fields better account for the specific regions with high ∆PA in the galaxies
presented above? The most likely mechanism for the quadrapolar zones of high |∆PA|
in NGC 891 is that there are genuine differences between the B-field in the hot and
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cold ISM. The NIR PA orientations in NGC 891 suggest that scattering is not the
dominant source of polarization at NIR wavelengths, so it is more likely that there
is a genuine difference between the B-field threading the hot and cold ISM.
Such a difference between the hot and cold ISM B-fields makes sense if the radio-
bright halo is populated by a disk-wind. Under this scenario, which is illustrated
in Figure 5.15, the high star-formation rate (SFR) in NGC 891 (Yim et al. 2011)
produces a disk wind, which drives the hot ISM material from the disk out into the
halo region. The hot ISM B-field, which is frozen into this hot ISM material, is
dragged along with the wind and gains a poloidal B-field component through the
fluid motion (cf. Parker 1966). By contrast, the B-field in the cold ISM remains
attached to the dense material in the disk and retains its toroidal configuration.
This is a ∼ 100 pc scale analog of the ∼ 1 kpc scale topological pumping mechanism
described by Brandenburg et al. (1995) and Elstner et al. (1995). If such a mechanism
is responsible for the poloidal B-fields in the halo of galaxies such as NGC 891, then a
significant amount of reconnection would be expected, due to the oppositely-directed
B-field produced by the individual outflows. Hence, the presence of a radio-bright
halo produced by such a mechanism should be short-lived, as reconnection would
rapidly destroy the B-field in the halo and the synchrotron radiation associated with
the B-field would cease.
NGC 4565
The high |∆PA| values in the SE disk of NGC 4565 could be caused by
scattering-dominated light, as the disk-perpendicular orientation of the NIR PAs in
this region is the orientation expected for scattering-dominated polarization. How-
ever, the analysis presented in Section 5.4.1 indicated that the disk-perpendicular
PAs in the disks of these galaxies may not be due to scattering-dominated polar-
ization. Thus, the possibility that the high |∆PA| is caused by a genuine difference
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Fig. 5.15: Cartoon illustrating a possible mechanism to account for NIR and radio
observations of NGC 891. The horizontal direction is in the plane of the galaxy
disk while the vertical direction is perpendicular to the galaxy disk. The grayscale
background represents the density of the cold ISM, which is concentrated in the
midplane of the disk. The three density peaks represent three individual molecular
clouds, and the red arrows indicate a wind in the hot ISM escaping the disk. In the
notional model, the B-field in the cold ISM remains tied to the molecular gas, which
is bound to the disk, while the hot ISM wind drags the B-field into the halo and
converts it into a poloidal B-field in the process.
between the B-field threading the hot and cold ISM cannot be ruled out. In this case,
however, the scenario illustrated in Figure 5.15 cannot account for the difference in
the NIR PAs and radio-synchrotron BPAs in this region, as the hot ISM B-field re-
mains parallel to the disk. Instead, the B-field in the cold ISM must be turned into a
poloidal orientation, perhaps by an α-effect working through an enhanced amount of
turbulence within the cold, dense clouds where star-formation occurs (e.g., Ferriere
1998; Ferrie`re & Schmitt 2000). In summary, the high |∆PA| values in the SE disk of
NGC 4565 might be more simply explained in terms of scattering-dominated polar-
ization, but this only further highlights the question of how scattering can dominate
polarization on one side of the disk but not the other.
333
NGC 5775
The high |∆PA| values found in both the NW and SW disk of NGC 5775 present
an interesting challenge for the mechanisms described in the previous sections. The
disk-perpendicular PAs in the SE disk present a case nearly identical to the SE
disk of NGC 4565: the NIR polarization may be dominated by scattering, but it
is unclear how such an asymmetric distribution of scattering-dominated polarization
could arise. The NW disk cannot be explained in terms of scattered light, as the NIR
PAs are relatively disk-parallel. In this case, the scenario illustrated in Figure 5.15
may apply and could successfully account for the observations at both NIR and radio
wavelengths. Thus, the NW disk of NGC 5775 presents another case where there is
strong evidence that the B-field in the hot and cold components of the ISM exhibit
significantly different characteristics.
5.5.5 Comments on Radiative Transfer Polarization Models
The modern, Monte Carlo radiative transfer model presented by Peest et al.
(2017) includes spiral geometry in both the dust and stellar populations. This is
a significant step forward from the smooth, exponential disks modeled by Bianchi
et al. (1996) and Wood (1997). Including spiral structure in the disk helps resolve
what effects such structure is expected to have on the observed polarization pattern.
Currently the Peest et al. (2017) model only includes polarization due to scattering,
but could be expanded to include the effects of dichroism and B-fields in the future.
Several of the newly observed features in these galaxies present challenges to
be addressed by radiative transfer models of disk galaxies, as they continue to be
developed. The first specific challenge is the presence of approximately disk-parallel
NIR PAs on both sides of the polarization null-points in NGC 891. In particular,
is it possible to produce a model of an edge-on disk galaxy where scattering does
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not become the dominant polarizing mechanism in the outer disk, as predicted by
Wood (1997)? What combinations of B-field properties, grain alignment efficiency,
and scattering properties can produce the observed polarization? The results of
Chapters 3 and 4 suggested that the NIR dust scattering albedo may be significantly
lower than previously estimated (Witt et al. 1994). Thus, one possible avenue of
investigation is the effect a lower NIR albedo would have on the predicted polarization
patterns. A lower NIR albedo may reduce the overall effect of scattered light in the
disk and prevent scattering from becoming the dominant source of polarized light,
even in the outer disk.
The second specific challenge for the polarization models is the asymmetry of
PAs in edge-on galaxies. For example, NGC4565 shows PA asymmetry with PAd−r =
±90◦ in the SE disk and PAd−r = +45◦ in the NW disk. Is it possible to produce
such a PA arrangement through a combination of scattering and dichroism with a
purely toroidal B-field? If it is possible to produce these PA asymmetries using only
radiative transfer (without introducing a poloidal B-field), then this likely requires
an asymmetry in the radiative transfer of light through through the dusty medium
in the disks. If the asymmetry of PAs, such as those observed in NGC 4565, cannot
be reproduced using a purely toroidal B-field, then the NIR PAs in these galaxies
which are not disk-parallel are likely to be tracing a genuinely poloidal B-field in the
disk rather than simply being dominated by scattering light.
Previous investigations into the effects of clumpiness of dusty material have sug-
gested that the degree of clumpiness can have a substantial impact on the radiative
transfer of light through the dusty medium (Witt & Gordon 1996; Schechtman-Rook
et al. 2012; Scicluna & Siebenmorgen 2015). Thus, some avenues for investigation
may include the effect on the observed polarization patterns of clumpiness and asym-
metries in the distribution of dust in the disk.
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The third specific challenge for radiative transfer models to address is the pres-
ence of polarization null-points and the sweeping PA features associated with several
of those null-points. If the null-points are not specifically due to the relative effects of
scattering and dichroism, then what can produce the observed polarization proper-
ties? Some possible avenues for investigation include the effects of spiral structure in
the B-field and localized, large-scale, B-field reversals within the disk. In particular,
it would be beneficial to study whether a localized B-field reversal is expected to
produce a sweeping PA feature such as those observed in several of these galaxies.
5.5.6 Comments on Dynamo Models
The characteristics of the B-fields of the observed galaxies present several chal-
lenges to be addressed by dynamo models. Each of these characteristics are indepen-
dently discussed below.
Dynamo Action Without Star Formation
The observations of NGC 5866 presented above are the first known detection of
a B-field in an lenticular galaxy. The presence of a B-field in this object indicates
that an active dynamo can operate in the disk of an lenticular galaxy. The differential
rotation of the disk of a lenticular galaxy is expected to provide significant Ω-effect,
but the relatively anemic star-formation of a lenticular galaxy (Blanton & Moustakas
2009) might be expected to produce a weaker α-effect (Mikhailov & Modyaev 2015).
Without a strong α-effect, the differential rotation is expected to wind up and destroy
the B-field through reconnection (Brandenburg 2015). The B-field in the disk of
NGC 5866 may be a fossil B-field, generated during an epoch when star-formation
was active in the disk of this galaxy, in which case it will will be destroyed within
a few rotation periods of the disk. Alternatively, the B-field in this galaxy may
be generated by an α-effect which is produced without significant star-formation, in
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which case the presence of a B-field in this disk indicates that the α-effect does not
necessarily require ongoing star-formation. The question of whether a disk without
active star-formation can still produce a significant dynamo is an interesting problem
to be tackled by dynamo models.
B-field Asymmetry About the Midplane
Several of the observed galaxies show a sharp transition in PA across their
midplanes. A similar phenomenon was previously observed in a highly inclined galaxy
in the Taurus region (see Figure 4d, Clemens et al. 2013). In NGC 4565, there is a
transition from PAd−r = 0◦ at negative minor axis offsets to PAd−r = 45◦ at positive
minor axis offsets. Similarly, NGC 5866 shows PAd−r = 0◦ at negative minor axis
offsets and PAd−r = ±90◦ at positive minor axis offsets. These sharp transitions in
PA may be due to an asymmetry in Bpos about the disk-midplane.
The bright, stellar bulge, combined with the presence of extraplanar dust in
NGC 5866, enabled the first detection of a halo B-field using NIR polarimetry. The
B-field orientations in this bulge region are also highly asymmetric about the disk-
midplane. This implies either an asymmetric disk-based dynamo, with the asymmet-
ric, disk-based B-fields advected from the disk into the bulge region, or it implies
two separate halo-based dynamos generating a disk-parallel B-field in the NE halo
and a disk-perpendicular B-field in the SW halo (Beck et al. 1996). The fact that
the poloidal B-field appears to thread the dusty material in the SE third of the disk
(see Figure 5.8) suggests that a disk-based dynamo is the preferred explanation.
Poloidal B-fields
The NIR observations presented above indicate the likely presence of sub-regions
with partially- or predominantly-poloidal B-fields. In particular, the consistent
PAd−r = 15◦ across the disk of NGC 891 and the PAd−r ≈ 45◦ disk-relative PA
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in the NW disk of NGC 4565 are both close to the orientation inferred from ra-
dio polarimetry (see Section 5.4.3, above). Thus, these observations are unlikely to
be produced by contamination from scattered light. The other regions with NIR
PAd−r ≈ ±90◦, which were enumerated and analyzed in Section 5.4.1, potentially
provide additional evidence of poloidal B-fields in these galaxies. However, addi-
tional work needs to be done before the possibility that these disk-perpendicular
PAs are caused by scattering-dominated polarization in these regions can be ruled
out.
The presence of such vertically-oriented, poloidal B-fields implies that an α2Ω-
dynamo may more accurately describe the B-field generating process in the disks of
these galaxies, rather than would a simplified αΩ-dynamo. Although the orientation
of the B-field in the disk of these galaxies, appears to be toroidal in many regions, the
specific cases described above indicate there are substantial, localized regions where
the B-field includes significant poloidal components. Thus, the assumption that the
dynamo in these disks operates in the αΩ-regime, where all but one of the α-effect
terms in the induction equation can be neglected, appears to be questionable.
There are several mechanisms which may give rise to significantly-poloidal B-
fields in the disks of these galaxies. One possible mechanism is the triggering of a
localized burst of star-formation. Star-formation bursts may result in strong winds,
which drag the B-field off the disk and deform it into a poloidal orientation. This is
similar to the mechanism illustrated in Figure 5.15. A poloidal B-field may also be
generated by an excess of turbulence. Turbulent motions also drive the α-effect, which
converts toroidal B-fields into poloidal orientations (Ruzmaikin et al. 1988). Thus, a
localized region with an excess of turbulent gas motions, driven by magnetorotational
instability (see Kim et al. 2003) or gravitational instability (see Ballesteros-Paredes
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et al. 2007), may also exhibit a significantly poloidal B-field (Beck 2015; Brandenburg
2015).
Separation of Hot and Cold ISM B-field
Another challenge presented to current dynamo models is the possibility that
significant regions of the galaxies have B-field threading the hot and cold components
of the ISM that seem to remain dynamically distinct from each other. The obser-
vations presented above suggest that the B-field in each of these components may
separate into different orientations within some regions of a given galaxy. Potential
examples of a different B-field orientation in the hot and cold ISM include the high-
latitude regions of NGC 891, where the hot ISM disk B-field becomes more poloidal
as it connects up to the B-field in the halo region, and the SE disk of NGC 4565 where
the B-field in the hot ISM is toroidal but the B-field in the cold ISM appears to be
poloidal. The mechanisms by which such differences in the B-fields threading the hot
and cold components of the ISM could be developed were discussed in Section 5.5.4.
From these NIR and radio polarimetric observations, it appears that the assumption
of a single, magnetized fluid characterizing numerical dynamo models may need to be
reconsidered. Instead, a model containing two magnetized, mixed fluids with differ-
ent temperatures, densities, and dynamics may more accurately capture the behavior
of the B-field in these two environments.
The Location of B-field Reversals
The sweeping PA features identified in the polarization profiles of Section 5.4.1
may indicate the presence of B-field reversals similar to the reversals detected in the
interarm region of the Milky Way (Han et al. 2018) and modeled by Poezd et al.
(1993). These sweeping PA features are all associated with polarization null-points,
but based on the analysis of Section 5.5.3, not all of these are necessarily associated
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with spiral arms. This implies that B-field reversals may occur either at the locations
of spiral arms or in interarm regions. Thus, the conditions and locations for B-field
reversals remain open questions for investigation via dynamo models.
5.6 Summary
The observations presented in this chapter resulted in the first maps of the B-
fields in the cold ISM across the full extent of these edge-on disk galaxies. These
new observations provide answers to five of the specific sub-questions posed in Chap-
ter 1. The first question addressed is Q2.a: does the polarization of NIR light from
external galaxies exhibit the expected PA transition from disk-parallel, dichroism-
dominated polarization in the inner disk to disk-perpendicular, scattering-dominated
polarization in the outer disk? This PA pattern is generally not present in the ob-
served galaxies with the possible exception of the southeast disk of NGC 4565. Zones
with disk-perpendicular PA are also found in several of the observed galaxies, and
these may be caused by scattering-dominated polarization. However, the asymmetric
distribution of these disk-perpendicular PAs suggests that these reveal regions with
predominantly poloidal B-fields in the cold ISM.
Another question addressed by these NIR observations is Q3.a: are spiral galaxy
disk B-fields predominantly toroidal? The disk-parallel PAs detected in these disks
indicate that toroidal B-fields are common, especially within the dense dust lanes
of these galaxies. However, the disk-perpendicular PAs detected through many of
the sub-regions of the observed galaxies also indicate that poloidal B-fields are more
common than expected, which suggests that the αΩ approximation of many dynamo-
models may underestimate the relative strength of the α-effect in producing poloidal
B-fields.
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The high-SNR NIR polarization observations of NGC 891, NGC 4565, and
NGC 5866 enabled creation of arcsecond-resolution maps of PA of the bright central
zones of these galaxies. These data address question Q3.b: does the cold ISM B-field
in disk galaxies vary on ∼ 100 pc scales? The high-resolution PA map of NGC 891
revealed the presence of localized, coherent magnetic structures, which depart from
the median direction of the neighboring B-field. The high angular resolution maps
of NGC 4565 and NGC 5866 revealed the presence of sharp transitions in the B-field
direction about the midplane of the disk. Thus, the B-field in these galaxies exhibits
sharp, coherent variation at these smaller physical scales but not very much random
variation. This evidence also suggests that the B-field in some of these galaxies may
be asymmetric about the midplane.
The NIR polarimetry, which probes the orientation of Bpos in the cold ISM, was
compared to radio-synchrotron polarimetry, which probes the orientation of Bpos in
the hot ISM. This data address question Q3.c: is the B-field in the cold ISM generally
aligned with the B-field in the hot ISM? The results of this comparison indicate that
the B-field threading the cold ISM runs parallel to the B-field threading the cold
ISM for a significant portion (∼ 50%) of the disk areas of these galaxies.
However, there were also significant regions where Bpos in the cold ISM is not
parallel to Bpos in the hot ISM. This was especially true for NGC 5775, where the
orientation of Bpos in the cold ISM is nearly perpendicular to Bpos in the hot ISM
throughout most of the disk. It is possible that this is due to differences in the physical
depth probed by the radio and NIR observations, or it may be the case that the NIR
polarization in some of these regions are dominated by scattered light, in which
case the orientation of Bpos in the cold ISM is not revealed by the NIR polarimetry.
However, scattering-dominated polarization cannot account for all of the differences
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between NIR and radio-synchrotron polarization, so significant departures between
the B-field in the cold and hot ISM in some regions are likely genuine.
Profiles of P and PA along the major-axis of these galaxies indicate the presence
of polarization null-points, where the polarization drops nearly to zero. These data
address question Q3.d: does the cold ISM B-field show indications of spiral structure,
as is seen in the hot ISM B-field? Such null-points are expected at locations where
the B-field is directed along the line-of-sight (e.g., Fosalba et al. 2002). If the B-field
in these edge-on galaxies follows the spiral structure, as it appears to in other, face-on
galaxies (e.g., Beck & Hoernes 1996; Fletcher et al. 2011), then the locations where
the B-field is directed along the line-of-sight may also be related to the location of
spiral arm tangents. Thus, the location of the polarization null-points may reveal
the spiral arms in the disk of these edge-on galaxies.
In several of these null-points, the PA sweeps through a large angular range
(> 90◦). The null-points associated with these sweeping PA features may represent
the presence of B-field reversals along those lines of sight.
The major axis offsets of the polarization null-points were used to infer the
spiral geometry of the Sb type galaxies NGC 891 and NGC 4565. The average spiral
pitch angle inferred from the null-point locations was −8.9± 0.7◦ for NGC 891 and
−17.4± 1.0◦ for NGC 4565. Although these pitch angles differ from each other, they
are both within the range of values expected for a Sb-type galaxies (Ma 2002). Thus,
it is possible that NIR polarimetry provides a unique means of probing the otherwise
hidden spiral structure within the disks of edge-on galaxies.
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Chapter 6
Summary
6.1 Synopsis of Individual Studies
This dissertation was motivated by two key scientific questions, outlined in
Chapter 1, regarding the nature of the magnetic (B) fields in cold ISM of disk
galaxies and the efficacy of the optical and near-infrared (NIR) polarimetry used
to probe those B-fields. In particular, it was unclear whether previously observed
polarization of optical and NIR light from external galaxies is due to magnetically-
aligned dust grains (dichroism) or scattered light. The polarimetric capabilities of
the PRISM and Mimir (Clemens et al. 2007) instruments, mounted on the Perkins
1.83 m telescope outside of Flagstaff, AZ, were harnessed to address these broad
questions. Many specific answerable questions, centered on the study of scattered
light, were addressed via optical and NIR polarimetry of several scattering-dominated
astrophysical targets. Other specific questions, centered on the nature of the cold
ISM B-field in disk galaxies, were addressed through NIR polarimetry of a sample
of nearby, edge-on galaxies.
6.1.1 A Pilot NIR Polarimetric Study of NGC 891
The NIR polarimetric study of the face-on galaxy M51 by Pavel & Clemens
(2012) indicated that the NIR polarization percentage (P ) of this galaxy is below
an upper limit of ∼ 0.05%. In light of that study, it was left unclear whether NIR
polarimetry is an effective tool for measuring the cold ISM B-field of an external
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galaxy. To test if NIR polarimetry is able to detect significant dichroic polarization
in an external galaxy, the edge-on galaxy NGC 891 was observed by Montgomery &
Clemens (2014) for polarization at H-band (1.6 µm) using the Mimir instrument.
Chapter 2 presented an analysis of the measured H-band polarization properties
of NGC 891. These observations revealed significant H-band polarization across the
entire disk of the galaxy. The polarization pattern toward the central region generally
agreed with the H-band polarization previously detected by Jones (1997). However,
the results of the new study also highlighted several outstanding questions which
needed to be addressed before a thorough analysis of the B-field in the cold ISM of
disk galaxies could be confidently performed.
The most notable feature of the polarization found in NGC 891 was the pres-
ence of a significant polarization null-point located ∼ 120′′ to the northeast of the
center of the galaxy. The presence of polarization null-points in edge-on galaxies was
predicted by the model of Wood (1997). The predicted null-points were the result of
the equal, but orthogonal, contributions of polarization due to dichroism and scat-
tering in the modeled system. The key diagnostic feature of such a null-point is the
transition from polarization with disk-parallel position angle (PA) on the inner side
of the null-point (nearer to the galaxy center) to polarization with disk-perpendicular
PA on the outer side of the null-point (farther from the galaxy center). However, the
PAs measured on either side of the polarization null-point in NGC 891 did not ex-
hibit this transition characteristic. Instead, the PAs were found to be approximately
disk-parallel on both sides of the null-point. This suggested that linear dichroism
was the dominant polarizing mechanism in this galaxy, even in the outer disk of
the galaxy where scattering was expected to dominate. The disagreement between
the predicted polarization properties and the observed polarization properties high-
lighted the need to better understand the degree to which scattered light influences
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polarimetric observations of external galaxies and whether that degree of influence
varies greatly with wavelength.
6.1.2 The Wavelength Dependence of the Polarization of Scattered Light
The previous aperture-based study of the reflection nebulae NGC 2023 and
NGC 7023 by Sellgren et al. (1992) found low values of the polarization percentage
of scattered light (Pscat) at NIR wavelengths within the central ∼ 70′′ of the nebulae.
This was assumed to be caused by a diluting effect from an excess of unpolarized NIR
continuum emission from hot, very small grains in the bright central zones of those
nebulae. New optical and NIR imaging polarimetry of these same nebulae, presented
in Chapter 3, challenge this interpretation. Analysis of the NIR polarized intensity
(PI), which is unaffected by dilution from unpolarized emission, revealed a sharp
transition across the photon-dominated region (PDR) in the northwest quadrant of
NGC 7023 (NW-PDR). There, low PI values dominate near the illuminating star
while high PI values dominate farther from the illuminating star. Thus, while some
amount of dilution from unpolarized NIR emission may occur, there is a genuine,
abrupt change in the polarization properties of the scattered light at the location of
this PDR.
The nature of the dust grain population also appears to sharply transition across
the NW-PDR in NGC 7023 (Berne´ et al. 2007). This suggests that the modes of
scattering polarization are likely associated with two distinct dust populations: a
UV-processed population near the UV-bright illuminating star and an unprocessed
population in the dense material exterior to the NW-PDR. The value of Pscat for the
unprocessed dust population increases from the optical into the NIR, in agreement
with the predictions of White (1979a). The value of Pscat for the UV-processed
dust population decreases from the optical into the NIR, contrary the White (1979a)
predictions.
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6.1.3 The Polarization of Scattered Light in M82
Chapter 4 investigated the applicability of the results obtained from Chap-
ter 3 to extragalactic systems by studying the scattering-dominated polarization
from the starburst galaxy M82. Each image pixel in an observation of this scattering-
dominated external galaxy includes both polarized, scattered light and direct, un-
polarized light from stellar photospheres. This unpolarized light mixes with the
polarized, scattered light to reduce the observed values of Pscat. If the diluting ef-
fect of unpolarized starlight is not constant with wavelength, then this modifies the
expected wavelength dependence of Pscat characterizing an external galaxy.
Regions of scattering-dominated polarization in M82 were identified by their
centrosymmetric PAs. Similarly, regions of dichroism-dominated polarization were
identified by their non-centrosymmetric PAs. The wavelength dependences of Pscat
and Pdichro were analyzed using the light from these regions. This provided the
result that scattering is less of a contaminant at NIR wavelengths than at optical
wavelengths.
6.1.4 The Magnetic Fields of Disk Galaxies
In Chapter 5, the properties of the B-fields threading the cold ISM in a sample
of galaxies were investigated using NIR polarimetry. An analysis of the PA ori-
entations throughout the complete disks of these galaxies indicated that scattered
light is unlikely to be the dominant source of polarization. In particular, the disk-
perpendicular PAs, which are characteristic of scattering-induced polarization, are
asymmetrically distributed along the major axes of these galaxies. Given the rela-
tively symmetric distribution of stars and dust within these disks, this asymmetry
in disk-perpendicular PAs is difficult reconcile with a scattering-based mechanism.
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The disk-parallel PAs observed in the dust lanes of many of these galaxies imply
that toroidal B-fields are fairly common. However, several zones with PAs which
depart from a disk-parallel orientation indicate that a significant poloidal B-field
component is also relatively common within sub-regions of galaxies. This presents a
challenge to dynamo models, which often assume that the B-field generation process
operates on almost purely toroidal B-fields.
The relationship between the B-field in the cold and hot components of the
ISM was also studied by comparing the orientation of the PAs observed at NIR and
radio wavelengths. This revealed that the B-fields threading these two components
are generally aligned across ∼ 50% of the galaxy and significantly misaligned in the
remaining ∼ 50% of the galaxy.
6.2 Overview of Key Scientific Questions
This dissertation investigated three key science questions: (1) What are the po-
larization properties of light scattered by the dusty ISM? (2) Under what conditions
will scattered light be the dominant source of polarization in an external galaxy? and
(3) What is the structure of the B-field threading the cold ISM of disk galaxies? Each
of these questions was addressed by answering several specific sub-questions. The
following sections compile the final answers to these sub-questions obtained through
the research presented in the preceding chapters.
6.2.1 What are the polarization properties of light scattered by the dusty
ISM?
Does the value of Pscat monotonically increase for λ & 0.6 µm?
The observations of Galactic reflection nebulae presented in Chapter 3 were de-
signed to probe the wavelength dependence of Pscat. This wavelength dependence was
measured by observing the polarization of the scattered light from three reflection
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nebulae across two optical and two NIR bands. These observations revealed that two
distinct scattering dust populations with two distinct, scattering-polarization char-
acteristics are present within these nebulae. The value of Pscat for the UV-processed
dust population close to the bright central star exhibits a wavelength dependence
which appears to decrease for wavelengths longer than 0.6 µm. However, Pscat for
the unprocessed dust population in the denser, exterior region of those nebula ap-
pears to increase for wavelengths longer than 0.6 µm.
Is strong NIR Pscat detected in the tenuous, dusty wind lobes of M82?
The wind lobes of M82 are filled with a tenuous, dusty, scattering material
(Coker et al. 2013). Previous optical measurements of the polarization of this galaxy
indicated that a significant fraction of the optical light from these lobes is scattered
light (e.g., Solinger & Markert 1975). This result was confirmed by the new PRISM
optical observations of this galaxy presented in Chapter 4. However, significant
scattered, polarized, NIR light was only detected toward the central, high-density
zone of M82. NIR polarization was not detected in the tenuous wind lobes of M82
to significantly low levels. This implies that significant levels of scattered NIR light
requires relatively high column densities of dust, perhaps due to a low NIR scattering
albedo. Thus, for a given distribution of stellar illuminators, the same tenuous dust
distribution will scatter and polarize significant optical light but very little NIR light.
Recapitulation
The value of Pscat was predicted to increase for λ & 0.6 µm beacuse at longer,
NIR wavelengths, the scattering is expected to proceed according to the Rayleigh
approximation, which predicts Pscat ≈ 100% for scattering angles near 90◦. The
fact that Pscat increases toward longer, NIR wavelengths for the unprocessed dust
population but decreases for the UV-processed dust population indicates that this
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description is accurate but incomplete. In particular, the Pscat wavelength depen-
dence appears to be highl sensitive to the presence or abscence of very small grains
(VSGs).
Similarly, the scattered light from the wind lobes of M82 was expected to exhibit
high Pscat at NIR wavelengths. However, the lack of significant scattered NIR light
from the wind lobes suggests that the NIR scattering albedo is low. This implies
that the polarized intensity of scattered light PIscat at NIR wavelengths is also low.
There are two key scattering properties which are not yet well constrained by
observation. The first is the scattering phase function, which describes the relative
frequency with which light is scattered at a particular angle. Dust in the ISM is
typically described by a highly forward-scattering phase-function (Draine 2003), es-
pecially at optical wavelengths. However, the true scattering phase function has not
been well determined by observations. The second undetermined scattering property
is the particular scattering geometry of the observed targets. In the case of the re-
flection nebulae, it is possible that much of the scattered light observed along a given
line-of-sight was scattered at a particular angle. However, in the case of an external
galaxy, such as M82, it is likely that each pixel includes light which was scattered
at a broad range of angles producing a broad range of Pscat values which have all
been averaged together. Both the scattering phase function and the scattering angel
of the observed light influence the observed value of Pscat. Thus, a more thorough
analysis these properties for the dust in a target such as NGC 7023 may enable a
more specific determination of dust grain scattering characteristics.
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6.2.2 Under what conditions will scattered light be the dominant source
of polarization in an external galaxy?
Is the ratio (Pscat/Pdichro), as determined from the scattering-dominated and
dichroism-dominated regions of M82, greater at NIR wavelengths than at
optical wavelengths?
Chapter 4 addressed this question by measuring the value of Pscat across the
scattering-dominated region of the galaxy M82 at two optical and two NIR wave-
bands. The wavelength dependence of Pscat in this galaxy was found to decrease
from 4.73% at V -band to 1.33% at H-band. By analyzing the regions of M82 where
the polarization exhibited signatures of dichroism-dominated polarization, the wave-
length dependence of Pdichro was found to decrease from 2.01% at V -band to 0.904%
at H-band. These values indicate that
(
Pscat
Pdichro
)
optical
= 2.35, (6.1)
and
(
Pscat
Pdichro
)
NIR
= 1.47, (6.2)
which indicates that (Pscat/Pdichro)NIR < (Pscat/Pdichro)optical. Expressed differently,
this indicates that the polarization signal due to scattered light decreases from V - to
H-band by a factor of Pscat(V )/Pscat(H) = 3.6 while the polarization signal due to
dichroism decreases from V - to H-band by a factor of Pdichro(V )/Pdichro(H) = 1.37.
Does the polarization of NIR light from external galaxies exhibit the
expected transition from disk-parallel PA in the inner disk to disk-
perpendicular PA in the outer disk?
The polarization of scattered light in a galaxy disk is expected to exhibit a
disk-perpendicular PA. The Wood (1997) model of the polarization of light from an
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edge-on galaxy predicted that dichroic polarization, with a disk-parallel orientation,
would dominate toward the central region of a disk galaxy and scattering induced
polarization, with disk-perpendicular PAs, would dominate in the outer disk. The
radial and azimuthal symmetry of the distributions of illuminators and scattering
dust is expected to cause the scattering-dominated, disk-perpendicular PAs to be
located symmetrically at the far ends of the major axis.
The NIR observations of edge-on galaxies, presented in Chapter 5, indicate
that there are some regions which exhibit disk-perpendicular PAs, but these regions
are generally asymmetrically distributed along the major axis of the galaxy. This
suggests that these regions may not be dominated by scattered light. They may
instead be produced by dichroism and vertically-oriented, poloidal B-fields threading
the associated parts of the disk. A more complete understanding of this question
could be obtained through detailed modeling of dichroism and scattering in an edge-
on galaxy with realistic distributions of stellar illuminators and clumpy, asymmetric,
dusty scattering material.
Recapitulation
The Pscat/Pdichro ratio is greater at optical wavelengths than NIR wavelengths.
Thus, while both Pscat and Pdichro decrease from optical to NIR wavelengths, Pscat
decreases faster. This implies that NIR polarimetry of external galaxies is less likely
to be dominated by scattered light than optical polarimetry. There is an abscence of
expected transition from disk-parallel PA in the inner region to disk-perpendicular PA
in the outter disk. This indicates that at NIR wavelengths, dichroism, not scattering,
is the dominant polarizing mechanism, even in the outer disk.
The disk-perpendicular optical PAs observed by Fendt et al. (1996) across a
small sample of edge-on galaxies (including NGC 891) suggests that scattering is the
dominant polarizing mechanism across the majority of these galaxies. Thus, at least
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NGC 891 appears to be dichroism-dominated at NIR wavelengths and scattering-
dominated at optical wavelengths. This highlights several unanswered parts of the
overarching science question regarding the role of scattering in an external galaxy.
In particular, does the dominant polarizing mechainism smoothly transition from
scattering at shorter wavelengths to dichroism at longer wavelengths? If there is a
smooth transition from scattering-dominated to dichroism-dominated polarization, is
there a range of intermediate wavelengths (e.g., I-band at 0.81 µm) where dichroism
dominates in the central region and scattering dominates in the outer disk?
6.2.3 What is the structure of the B-field threading the cold ISM of disk
galaxies?
Are spiral galaxy disk B-fields predominantly toroidal?
The NIR imaging polarimetry of edge-on external galaxies presented in Chap-
ter 5 revealed that toroidal B-fields are common but do not fully dominate B-field
orientations across the disks of these galaxies. All of the observed galaxies showed
at least one disk sub-region with a toroidal B-field. However, all but one (NGC 891)
of the observed galaxies exhibited significant evidence of disk sub-regions dominated
by poloidal B-fields. This illustrates a variety of B-field configurations exist in the
disks of these galaxies.
Does the cold ISM B-field in disk galaxies vary on ∼ 100 pc scales?
The arcsecond resolution NIR polarization maps of the edge-on galaxies pre-
sented in Chapter 5 indicate that the NIR PAs in disk galaxies are highly coherent
across a broad range of scales, from 100 pc to several kpc. This implies that the
direction of the cold ISM B-field, averaged along the several-kpc long path-length
associated with a given line-of-sight, does not greatly decorrelate at the 100 pc scale.
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Several localized ∼ 250 pc regions of coherent departure from the median B-field
orientation were detected in NGC 891. These may represent magnetic structures,
such as self-supporting flux ropes or buoyant flux tubes (Parker 1979b; Fiege &
Pudritz 2000).
Is the B-field in the cold ISM generally aligned with the B-field in the hot
ISM?
This question was addressed in Chapter 5 by comparing the B-field orientations
inferred from NIR and radio polarimetry in the galaxies NGC 891, NGC 4565, and
NGC 5775. More than half of the solid angle probed in NGC 891 and NGC 4565
exhibits an NIR-to-radio PA difference less than 30◦, indicating the B-field in these
two components of the ISM is fairly well aligned.
Not all of the NIR and radio-synchrotron traced B-fields are are aligned. The
southeast disk of NGC 4565 and most of NGC 5775 exhibit high NIR-to-radio PA
differences. These differences suggest that the B-fields in the cold and hot compo-
nents of the ISM may significantly depart from each other in many regions. This
departure may be related to winds which drag the hot ISM B-field out of the disks
into the halos and deforms it into a poloidal configuration while the B-field in the
cold ISM remains in a toroidal configuration in the disk.
Does the cold ISM B-field show indications of spiral structure, as is seen
in the hot ISM B-field?
Although the PAs observed across the disks of the edge-on galaxies presented in
Chapter 5 are highly coherent, there is significant structure in the observed P at the
several kpc scale. In particular, there are several polarization “null-points” wherein
the NIR value of P drops significantly below its value at neighboring locations. Sim-
ilar polarization structure in the Milky Way appears to be related to spiral structure
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in the Galaxy (Heiles 1996; Fosalba et al. 2002). If this is also true of the polarization
structure in these external galaxies, then the major axis offsets of these null-points,
plus kinematic information, can be used to characterize the spiral structure of these
galaxies. These analyses were performed for the Sb galaxies NGC 891 and NGC 4565,
and notional face-on maps of the spiral arms and their constituent toroidal B-fields
were developed. Expanding these analyses, average spiral pitch angles of −8.9± 0.7◦
and −17.4± 1.0◦ were found for NGC 891 and NGC 4565, respectively. These pitch
angles fall within the range of values expected for Sb type galaxies viewed face-on
(±1σ range of 6.◦3 < φ < 15◦, Ma 2002).
Recapitulation
Based on these key data, what can be said about the overall structure of the
B-field in a disk galaxy? The PA maps of the observed galaxies indicate that the
B-field is highly coherent at scales as small as ∼ 100 pc and as large as several-kpc.
The PA maps also indicate that the B-field is predominantly poloidal within many
sub-regions of the observed galaxies. Finally, the presence of polarization null-points
in NGC 891 and NGC 4565 suggest that the B-field in the cold ISM of these galaxies
may also have a spiral shape, as is seen in the face-on radio observations of the hot
ISM B-field. A comparison of the NIR and radio polarimetry also indicates that the
B-field in the cold ISM is often, but not always, aligned with the B-field in the hot
ISM.
There are several parts of the overarching question regarding the structure of the
B-field in a disk galaxy which remain unanswered. For example, does the large-scale
B-field geometry correlate with galaxy properties such as mass and Hubble type?
Do the regions which show strongly poloidal B-fields also show heightened levels of
star-formation rate? How does the cold ISM B-field of a disk-galaxy appear when
viewed from a face-on orientation? Previous attempts to address this last question
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used optical imaging polarimetry of face-on galaxies. However, the NIR polarimetric
study of M51 by Pavel & Clemens (2012) and the results of the preceding chapters
suggest that many of these observations were likely dominated by scattering rather
than dichroism and thus did not reliably probe the B-field in these galaxies. The
possibility of probing the cold ISM B-field of a face-on galaxy through optical or NIR
polarimetry remains an open question for future investigation.
6.3 Conclusions
This dissertation has advanced the understanding of the cold ISM B-field in
disk galaxies and has developed and refined the tools used to measure those B-fields.
Optical and NIR polarimetric observations of scattering-dominated targets were used
to determine that the influence of scattered light in producing the net polarization
signal is reduced at NIR wavelengths.
Analyses of a sample of external edge-on galaxies, observed using NIR polarime-
try, revealed a diverse set of B-field configurations, including several regions where
poloidal B-field components may dominate over the expected toroidal components.
A possible separation between the B-fields threading the hot and cold components of
the ISM was also detected within specific sub-regions of the observed galaxies. The
observed NIR P was also found to vary along the major axis of the galaxy disks,
with a pattern which potentially reveals the heretofore undetected spiral structure
in these edge-on galaxies.
These observations set an interesting context for the Galactic Plane Infrared
Polarization Survey (GPIPS) and other large-scale B-field studies of the Milky Way.
The B-field detected by GPIPS is predominantly toroidal but shows significant disk-
perpendicular departures (Clemens et al. 2012a). A similarly toroidal B-field was
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found by optical surveys of the Milky Way disk across regions distinct from the
region probed by GPIPS (Heiles 2000; Stephens et al. 2011).
The NIR polarimetry of NGC 891 revealed that a nearly toroidal B-field can
dominate across the full extent of disk galaxy. However, the significant poloidal B-
field components detected in other disk galaxies suggest that the B-field in the Milky
Way may exist in a relatively “quiescent” phase where the Ω-effect has dominated
over the α-effect long enough to produce an organized, toroidal B-field. This suggests
that the B-field of the Milky Way may have had a more complex structure in the
past and may again have such a complex structure in the future.
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